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(S4)TIUe: GEL NETWORK CONTAINING A REACTIVE MATCRIAL 
(57) Abstract 



Methods and compositions for encapsu- 
lated polymeric gels swollen with non-aqueous 
reactive maicriak are provided. TTic methods 
include gel synthesis, swelling of a gel precur- 
sor with a first non-aqueous reactive material, 
and encapsulation of the swollen gel with a sec- 
ond non-aqueous reactive material. Gels pre- 
cursors may be synthesized from crxjsslinking 
polymers, or alternatively, may be fomied by 
crosslinking and polymerizing a monomer start- 
ing material. An accelerator may be utilized to 
facilitate swelling of the gel precursor with the 
first non-aqueous reactive material. Foams and 
composites may also be swollen with the first 
non-aqueous reactive material. The swollen gel 
is then contacted with a second non-aqueous re- 
active material such that an encapsulation layer 
is fonned thereby. The encapsulated gels may 
be stored for subsequent use. Tht methods fur- 
Uier include release of the first non-aqueous re- 
active material encapsulated within the gel un- 
der conditions which compromise the integrity 
of the encapsulation layer. The released fiist 
non-aqueous reactive material is then reacted 
with a non-aqueous reactive material, the reac- 
tion product being a useful product for a van- 
ety of applications such as coatings, adhesives, 
sealings, caulking, laminating materials, electri- 
cal coatings and the Uke. 
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GEL NETWORK CONTAINING A REACTIVE MATERIAL 



TECHNICAL FIELD 
TTie present invention generaUy relates to methods for non-aqueous 
encapsulating materials and non-aqueous compositions for encapsulated materials 

10 

BACKGROUND OF THE INVENTION 
Polymeric materials used for a variety of applications may be divided into 
"ftiUy reacted" systems and "reactive" systems. Fully reacted systems are tiiose 
materials which are synthesized by the suppUer and are delivered in finished fashion 
15 tothemolderortiieuser. Examples of fiiUy reacted systems include polyethylene, 
polypropylene and nylon. Reactive systems are deUvered in semi-fwished or 
monomeric fonn by the supplier to the molder or the user and undergo fiirther 
reaction. Examples of reactive systems include polyurethanes (which are the 
reaction product of isocyanates and polyols), polyureas (which are the reaction 
20 product of isocyanates and amines or water), epoxies, reactive acrylics, alkyds and 
many others. 

niese multi-component non-aqueous reactive systems are used extensively to 
produce polymeric coating compositions (e.g. paints), adhesives. sealants, and Uie 
like. Because the individual components react with each otijer. it has been difficult 
25 to formulate non-aqueous reactive component combinations which have tiie necessary 
peifonnance properties, have Uie reactive capability needed to form the finished 
product, yet have a long shelf life under normal storage conditions. Useful reactants 
are chosen on the basis of many factors and the genendly recognized problem is tiiat 
there are multiple constraints placed on the "ideal" reaction component combination. 
30 It is important to provide non-aqueous reactive component combinations tiiat do not 
sacrifice one property (e.g., long shelf life) in order to satisfy another property 
(e.g. , reactive capability or end-use properties). 

In order to overcome tiiese difficulties, it is common to utilize reactant 
systems in which tiie reactants are stored in separate formulations or are 
35 compartmentalized in such a mamier tiiat tiie reactants are combined with one 
anotiier just prior to use or application. In one type of non-aqueous r^ctive 
chemistry, an adhesive mixture is applied to tiie surfaces to be joined and then eiUier 
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reacts spontaneously, or has the reaction rate enhanced through heat, absence of 
oxygen, catalysts or other means. In another example, commonly used equipment 
known in the art to fonnulate polyurethane coatings utilizes two high energy 
component streams, i.e. a polyol and an isocyanate, that are mixed before 
5 application. In a typical paint spray application line [see U.S. Patent No.4,99,213), 
a stream of polyol and a stream of isocyanate are mixed in an in-line mixer just 
before application. Under ideal conditions, this mixed stream flows promptly and 
cleanly through the paint spray application equipment before any reaction occurs 
between the polyol and the isocyanate. However, any stoppage of application of the 

10 paint, as often occurs, or a breakdown of the equipment, results in the fonnation of 
soft and hard particles in the application equq)ment. 

Other methods have been devised to compartmentalize the reactants in order 
to increase the shelf life and decrease the contact time between the reactants prior to ^ 
actual commingling. One method is to use less reactive pre-polyraers or capped 

15 reactants such as capped isocyanate groups. 

Encapsulation of reactants {e.g., isocyanate) is also used and processes are 
well known for producing capsules of reactive materials, exemplified by U.S. Patent 
No. 3,409,461. It is known that highly reactive solids and reactive liquids may 
compartmentalized by ehc2y)sulated through a variety of chemical and physical means 

20 including, but not limited to, interfacial polymerization in a liquid medium, in-situ 
polymerization, two component nozzle polymerization, centrifugal polymerization, 
spray drying, fluid bed drying and rotational susfpension sqiaration encapsulation. 
Nevertheless, prior art encapsulation metiiods may require additional stqps in 
preparing the reactants and impingement mixing of two or more reactants requiring 

25 elaborate equipment, may require high temperatures to release the encapsulated 

materials, may introduce undesirable foreign materials into the product as the residue 
of encapsulant and may only be suitable for certain types of reactants, such as solids. 
Gels have unique properties that may offer significant advantages as compartments 
for reactive chenucais but, to our knowledge, encapsulation of gels containing 

30 reactive chemicals has not been successfully accomplished. 
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Therefore, the generic problem of mauitaining the integrity of several highly 
non-aqueous reactive components in a reaction mixture is therefore still problematic. 

The specific problem of fonning polymer articles such as polyurcthanes and the like 
5 under controlled conditions and at reasonable rates still has not been satisfactory 
resolved. 



SllMMARY OF THE INVENTION 
The present invention pertains, in part, to a three-dimensional, polymer gel 
10 networic containing a non-aqueous reactive material. The polymer gel networic is 
encased in a polymeric layer. In some cases, the layer is synthesized using a portion 
of the non-aqueous reactive material that is incorporated within the interstices of the 
polymer gel networic. 

Embodiments of the invention provide methods and compositions for swelling 
15 and encapsulating polymeric gel materials having non-aqueous reactive materials 
incorporated therein. TTie enoq)sulated gels are suitable for storage and subsequent 
use. The encapsulated non-aqueous reactive material may be released and reacted 
with another material to provide a variety of products for use in connection with 
coatings, adhesives, sealings, caulkings, laminating materials, electrical coatings, 
20 foams, and the like. AdditionaUy, the encapsulated materials are suitable for use in 
connection with elastomeric processing by reaction injection molding for automobile 
fascia, bumpers, body panels and the like. The products pn>duced with the 
encapsulated gels of the present invention possess exceUeat heat resistances, 
chemical resistances, electrical chanwteristics and ability to withstand extreme 
25 weather conditions. 

One aspect of the invention is a tiiree dimensional, crosslinked polymer gel 
networic comprising a first non-aqueous reactive material in which the material is 
c^ble of entering into a spontaneous chemical reaction or capable of catalyzing a 
spontaneous chemical reaction. Preferably, the first non-aqueous inactive material is 
30 capable of being polymerized or capable of catalyzing a polymerization reaction. The 
gel network may be a responsive gel networic and may for example be selected from 
the group consisting of: a gel network of poly (N,N-disubstituted acrylamide), a gel 
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network of polyacrylate esters, a gel network of polyalkyl substituted vinyl ethers, 
and a gel netwoik of polyglycol ethers or a mixture thereof. The monomer(s) used 
to form the network may consist of N,N-disubstituted acrylamide(s), aery late 
ester(s), alkyl substituted vinyl ether(s), glycol ether(s) or a mixture thereof. The 
5 crosslinking agent may be selected from di(ethylene glycol) bis (allyl carbonate), 
methylene bis (acrylamide), ethylene glycol dimethacrylate, magnesium methacrylate 
and mixtures thereof. 

The first non-aqueous reactive material may, for example, be selected from 
an isocyanate, a multifunctional amine, an organometallic, an acid, an acyl halide, 

10 an acrylate and mixtures thereof. Moreover, the first polymeric component and the 
first non-aqueous reactive material together form a three-dimensional polymeric 
network in which the first polymeric component is capable of swelling and 
disgorging the first non-aqueous reactive material under predeteimined conditions. It 
is preferred that the first polymeric component be nonreactive (i.e., **chemically 

IS inert**) with respect to the first non-aqueous reactive material. 

A further embodiment of the invention is a process of swelling a gel network 
with a non-aqueous reactive material. The process comprises exposing a three 
dimensional polymer gel netwoik to a non-aqueous reactive material that is capable 
of entering into a spontaneous chemical reaction or capable of catalyzing a 

20 spontaneous chemical reaction. Preferably, the first non-aqueous reactive material is 
either polymerizable or is capable of catalyzing a polymerization reaction. The step 
of exposing is performed under conditions sufficient for the non-aqueous reactive 
material to be incorporated into the polymer gel netwoik. Preferably, prior to the 
step of exposing, a monomer is combined with a crosslinking agent under conditions 

25 sufficient to form a mixture and sufficient for the monomer to polymerize and form 
the gel netwoik. 

Another embodiment is a process for swelling a gel network that includes the 
stq>s of contacting the gel netwoik with a gel displacing agent prior to exposure to 
the non-aqueous reactive material such that the gel swells and the displacing agent 
30 displaces any fluid incorporated into the gel network. Next, the gel is collapsed with 
a gel collapsing agent under conditions sufficient for the gel to disgoige the 
displacing agent from the gel netwoik. 
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To facilitate the swelling process, a low molecular weight swelling 
accelerator agent may be utilized. Exemplary swelling accelerator agents include, 
but are not limited to, ketones, ethers. cycUc ethers and mixtures thereof. After ihe 
swelling process has been completed, the swelling accelerator agent is removed from 
5 the gel by vacuum stripping or the like. 

A process for encapsulating a three dimensional, polymer gel netwoik is 
described which includes providing a three dimensional, polymer gel network having 
incoiporated in it a first non-aqueous reactive material that is capable of entering 
into a spontaneous chemical reaction or capable of catalyzing a spontaneous chemical 
10 reaction. Preferably, the first non-aqueous reactive material is capable of being 
polymerized or capable of catalyzing a polymerization reaction. Next, the polymer 
gel networic is exposed to one or more second non-aqueous reactive materials under 
conditions sufficient for the first material and tiie one or more second non-aqueous 
reactive materials to react to form a polymer layer on an outer surface of die gel 
15 networic. Exemplary gel networics include a gel networic of a poly (N.N- 

disubstituted aaylamide). a gel netwoik of a polyacrylate ester(s). a gel network of a 
polyalkyl substituted vinyl etfier(s). a gel networic of a polyglycol ether(s) or a 
mixture tiiereof. Preferred first non-aqueous reactive materials include isocyanales, 
multifunctional amines, oiganometaUics, acyl haUdes. acrylates, acids, acid 
20 anhydrides. The first non-aqueous reactive material may also be a catalyst. 

One process for encapsulating a tiiree dimensional, polymer gel networic, 
includes previding a three dimensional, polymer gel networic having incoiporated in 
it a first nonaqueous reactive material. The fim nonaqueous reactive material is 
capable of entering into a ^ntaneous chemical reaction or capable of catalyzing a 
25 spontaneous chemical reaction. TTie polymer gel networic is e;?K)sed to a second 
nonaqueous reactive material under conditions sufficient for tiie second nonaqueous 
reactive material to react to fonn a polymer layer on an outer surface of the tiiree 
dimensional, polymer gd network. 

Anotiusr process for encapsulating a three dimensional, polymer gel networic. 
30 includes providing a tiiree dimensional, polymer gel networic having incoiporated in ' 
ft a first nonaqueous reactive material. The first nonaqueous reactive material is 
capable of entering into a spontaneous chemical reaction or capable of catalyzing a 
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spontaneous chemical reaction. The polymer gel network is exposed to a second 
material external to the gel under conditions sufficient for the second material 
external to the gel to react to form a polymer layer on an outer surface of the three 
dimensional, polymer gel network. 

5 A further embodiment is an encapsulated polymeric gel that contains a three 

dimensional, polymeric gel network having incorporated in it a first non-aqueous 
reactive material and a polymeric encapsulation layer on an outer surface of the gel 
network. The polymeric encapsulation layer is derived from a reaction involving at 
least the first non-aqueous reactive material. Moreover, the encapsulation layer is 

10 capable of providing a barrier for the gel network and for the first non-aqueous 
reactive material incorporated within the network. Preferred polymeric gel networks 
that are encapsulated include networks comprising a poly (N,N-disubstituted 
acrylamide), a gel network of a polyacryiate ester(s), a gel networic of a polyalkyl 
substituted vinyl ether(s), a gel networic of a polyglycol ether(s) or a mixture 

IS thereof. Preferred first non-aqueous reactive materials incorporated into the gel 
include an isocyanate, a multifunctional amine, an organometallic, an acyl halide, 
and mixtures thereof, and preferred encapsulation layers are polyurethanes, 
polyureas, and mixtures thereof. 

Encapsulated gel networks may also include a liquid into which the 

20 encapsulated gel is immersed, the enc^sulation layer providing a barrier to efflux of 
the first non-aqueous reactive material from the gel network and a barrier to influx 
of the liquid into the gel network. 

Polymer gel networks in which the encapsulation layer is hydrophobic such 
that the encapsulation layer acts as a barrier to water entering the gel network are 

25 also encompassed within the invention. In the case of hydrophobic encapsulation 
layers, the encapsulation layer is also preferably lyophilic, so that exposure of the 
gel network to a second non-aqueous reactive material is sufficient to compromise 
the encapsulation layer on the outer surface of the gel network. 

Another embodiment of the invention is a paint system that includes a three- 

30 dimensional polymeric network having incorporated in the network a first non- 
aqueous reactive material that is capable of entering into a spontaneous chemical 
reaction or of catalyzing a spontaneous chemical reaction. Preferably, the first non- 
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aqueous reacUve material is capable of being polymerized or capable of catalyzing a 
polymerization reaction. ITie gel netwoik fiirther includes an encapsulation layer on 
an outer surface of the gel and a liquid into which the gel is immersed. The first 
non-aqueous reactive material is capable of reaction with the liquid to fom a 
5 reaction product which is a paint. Most preferably, the firet non-aqueous reactive 
material is an isocyanate and the Uquid comprises a polyol plus additives, a dye, a 
pigment, a colorant and the like. Similariy, a coating system may include tiie 
polymeric gel netwoilc of the invention having a polymeric encapsulation layer on an 
outer surface of the gel and a Uquid into which tiie encapsulated gel is immersed. 
10 nie first non-aqueous reactive material may be capable of spontaneous reaction witii 
tiie Uquid to fonn a reaction product which is a coating material. 

An adhesive material system may include tiie encapsulated polymeric 
network of Uie invention having incoipoiated in it a first non-aqueous reactive 
material tiiat is capable of entering into a spontaneous chemical reaction or capable 
15 of catalyzing a qwntaneous chemical reaction. Preferably, flie firet non-aqueous 
reactive material is capable of being polymerized or capable of catalyzing a 
polymerization reaction. The first non-aqueous reactive material is capable of 
reaction with Uie Uquid to form a reaction product which is an adhesive material. 
A process of usuig an encapsubted tiuee-dimensional polymeric gel network, 
20 is also disclosed and includes tiie steps of providing a tiiree^limensional polymeric ' 
gel networic having a first non-aqueous reactive material incoipotated in it, tiie first 
non-aqueous reactive material capable of entering into a spontaneous chemical 
reaction or capable of catalyzing a spontaneous chemical reaction. Piefeiably, tiie 
first non-aqueous reactive material may be polymerized or may be capable of 
25 catalyzing a polymerization reaction. The gel networic fiiiflier inchides a polymeric 
encapsulation layer on an outer soriace of the gel network. TTie gel network is then 
exposed to at least one condition sufficient to compromise flie encapsulation layer on 
tiie outer suifece of the gel, thereby aUowing tiie first reactive material contained in 
tiie gel to be released. A preferred process includes eitiier exposing tiie gel to a 
30 second material tfiat will eitfier sweU tiie gel or collapse tiie gel networic. agitating 
tiie gel network or exposing tiie gel to a given temperature. pH or otiier trigger, any 
of which may compromise tiie encapsulation layer on tiie outer surfece of tiie gel. 
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A further embodiment is a process of making a polymer product that 
includes providing the encapsulated three-dimensional polymeric gel network of the 
invention that has a first non>aqueous reactive material incorporated in the network 
and exposing the gel network to conditions sufficient to disgorge the first non- 
5 aqueous reactive material contained in the gel network. The disgorged first non- 
aqueous reactive material is allowed to contact one or more second non-aqueous 
reactive materials under conditions sufficient for the first and the one or more second 
non-aqueous reactive materials to form a polymeric product from a reaction between 
them. 

10 A preferred process includes either e3qx>sing the gel to a second non-aqueous 

reactive material that will either swell the gel or collapse the gel network, agitating 
the gel network or exposing the gel to a given temperature, pH or other trigger, all 
of which cause the first non-aqueous reactive material to be disgorged from the gel 
network. A polymeric product formed by this process may include a ix)lyurethane 

IS paint, a coating material, a foam and an adhesive material. The product may still 
retain a detectable amount of the original gel network so that another aspect of the 
invention is an adhesive, a coating material, or a laminating material that includes a 
detectable amount of a polymeric gel network incorporated in the product. This gel 
network may include a networic of poly (N,N-disubstituted acrylamide), a gel 

20 network of a polyacrylate ester(s), a gel network of a polyalkyl substituted vinyl 
ether(s), a gel network of a polyglycol ether(s) or a mixture thereof. In some cases, 
a properly designed gd network can serve as a filler or functional component of the 
finished end-use product. 

A method of coating a molded article is also encompassed within the 

25 invention and includes the steps of providing a three-dimensional polymeric gel 

network having a first non-aqueous reactive material of the invention incorporated in 
it. The gel network is exposed to conditions sufficient to disgorge the first non- 
aqueous reactive material and the disgorged first non-aqueous reactive material is 
allowed to contact one or more second non-aqueous reactive materials under 

30 conditions sufficient for the first and the one or more second non-aqueous reactive 
materials to form a polymeric product from a reaction between them. The molded 
article is then contacted with the polymeric product. 
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A process of making a polymeric product selected from the group consisting 
of a foam, an adhesive, a coating, a paint, and a molded article is also described and 
comprises providing a three-dimensional polymeric gel network having a first 
nonaqueous reactive material incorporated therein, the first nonaqueous reactive 
5 material capable of entering into a spontaneous chemical reaction or capable of 
catalyzing a spontaneous chemical reaction, the gel network further comprising a 
polymeric encapsulation layer on an outer surface of the gel network. Next, one 
exposes the gel network to at least one condition sufficiwit to compromise the 
encapsulation layer on the outer surface of the gel network, thereby allowing the 
10 first nonaqueous reactive material contained thraein to be disgorged and the 
disgorged first nonaqueous reactive material is allowed to react to form the 
polymeric product. 

The present invention iiuther provides methods and compositions for 
encapsulated materials through the formation of non-crosslinted gels. A viscous 
15 first nomiqueous reactive material is added to a solution containing a second 
• nonaqueous reactive material. Portions of the first and second reactive materiak 
react with one another to form an encapsulation layer around the remaining portion 
of the first nonaqueous reactive material. A second encapsulation layer may be 
formed by exposing the previously encapsulated material to a third material such that 
20 a double-walled encapsulated material is formed thereby. 

In yet another embodimmt, the present inv^on provkles methods and 
compositions for simultaneous gelation, gel loading and oicapsulation. Preferably, a 
monomer is blended with a first nonaqueous reactive matoial and the blend is 
introduced into a solution containing a second reactive material. TTie monomer is 
25 polymerized and crossUnked to form a gel, which is immediatdy loaded with a 
portion of the first nonaqueous reactive material. TTie second matoial immediately 
forms an encapsulation layer around the loaded gel. 

Gels also may be synthesized in situ in accordance with the present invention. 
A monomer and first nonaqueous reactive material are combined to form a blend. 
30 The blend is introduced into a solution containing a second material and gels of the 
polymerized and crosslinked monomer are formed thereby. The loaded gels are then 
placed in a second solution containing a third or encapsulating material. The gels 
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are then removed and exposed to a liquid which causes the third material to 
precipitate on the surface of the gels and form an encapsulation layer there around. 
The liquid is then removed, thereby producing non-agglomerated dry beads or gels. 
It is an object of the present invention to provide a gel which is chemically 
5 inert with respect to a non-aqueous reactive material, but which is capable of 
swelling in the non-aqueous reactive material. 

It is another object of the invention to provide a method for swelling a gel 
with a non-aqueous reactive material in which the gel is chemically inert with respect 
to the non-aqueous reactive material. 

It is a farther object of the invention to provide a method for swelling a gel 
with an isocyanate, a multifunctional amine, an acrylate, an organometallic, acyl 
halide, an acid or an acid anhydride. 

It is a farther object of the invention to provide a method for swelling a gel 
with an isocyanate under accelerated conditions with the use of a low molecular 
weight solvent. 

It is another object of the invention to provide a polymeric gel having a non- 
aqueous reactive compound like an isocyanate, an acrylate, multifanctional amine, an 
organoraetallic material, an acyl halide, an acid, an acid anhydride, incorporated into 
the gel networic. 

It is another object of the invention to provide a method for encapsulating a 
polymeric gel having a reactive organic solvent, acrylate, multifanctional amine, an 
organometallic material, an acyl halide, an acid, an acid anhydride, incorporated into 
the gel network. 

It is another object of the invention to provide a method for encapsiilating a 
polymeric gel having a non-aqueous reactive material, an isocyanate, a 
multifanctional amine, an or^anometallic material, an acyl halide, an acid, an 
acrylate, an acid anhydride, incorporated therein, in which a portion of the non- 
aqueous reactive material is combined with another reactive material to form an 
encapsulation layer on an outer surface of the gel. 

It is another object of the invention to provide an encapsulated gel having a 
non-aqueous reactive material, an isocyanate, multifanctional amine, an 
organometallic material, an acyl halide, an acid, an acid anhydride or mbcturcs 



^^'^'^^^S' KTAJS96/02109 

-11- 

thereof. mcoiporated into the gel network, which gels aie suitable for storage and 
subsequent use in connection with coatings, adhesives. foams, sealings. caulkings. 
laminating materials, electrical coatings and the lilce. 

It is still another object of the invention to provide encapsulated gels 
5 containing a fust non-aqueous reactive material, the encapsulated gel immersed in a 
non-aqueous second reactive material with which the first material is capable of 
reacting. 

It is stiU another object of the invention to provide encapsulated gels 
containing an isocyanate, the gels immensed in a polyol or a polyamine. 
10 It is still another object of tiie invention to provide encapsulated gds 

containing a multiJunctional amine, the gels immersed in an epoxy precursor. 

It is still another object of the invention to provide methods for using a 
material contained wiUun an encapsulated gel under specified conditions. 

It is still another object of the invention to provide encapsulated gels which 
15 will release non-aqueous reactive components which will produce poIyureUianes. 
qwxies, aciylates, alkyds, esters and other polymers. 

It is still a further object of die invention to provide a product which is 
formed by releasing a material contained wiflun an encapsulated gel and reacting the 
released material witij at least one other material outside the gel. 
20 It is still another object of the invention to provide an encapsulated 

hydrophobic, lyophilic gel containing a reactive material therein, tiiereby providing a 
water-barrier for the material witiun tiie gel and a swelling medium in the presence 
of a compatible solvent. 

It is yet another object of tiie present invention to provide an encapsulated gel 
25 which is theimaUy responsive such flat the gel reversibly expands to a tianspartrnt 
state at an elevated temperature and collapses to an opaque state at a lower 
temperature. 

It is yet another object of the present invention to provide an encapsulated gel 
wherein the polymeric gel includes a material which is a componem of a finished 
30 product. 

It is yet another object of the present invention to provide a system containing 
two or more encapsulated gels having a reactant and a catalyst contained tiierein. 
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The benefits of the use of this invention is the ability to control non-aqueous 
reactive systems which have improved performance, lower cost, longer shelf life, 
longer pot life and improved quality. 

The foregoing has outlined some of the more pertinent objects of the present 
5 invention. These objects should be construed to be merely illustrative of some of the 
more prominent features and applications of the invention. Many other beneficial 
results can be attained by applying the disclosed invention in a different manner of 
modifying the invention as will be described. Accordingly, other objects and a fiiller 
understanding of the invention may be had by referring to the following Detailed 
10 Description of the Preferred Embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a fuller understanding of the present invention, reference is had to the 
following description taken in conjunction with the accompanying drawings, in 
15 which: 

Figs. l(a)-l(c) illustrate various methods of encapsulating gels in accordance 
with the present invention; 

Fig. 2 is an absoibance spectram of a solution of a phenol red dye-isocyanate 
(dye-tagged isocyanate) in dimethylsulfoxide (DMSG) which illustrates the 
20 occurrence of a dye-isocyanate reaction; 

Fig. 3 is an absorbance spectrum of a solution of a phenol red dye in 
dimethylsulfoxide (DMSG); 

Kg. 4 is an absorbance spectrum of dye-tagged isocyanate molecules released 
after being encapsulated into a gel and then swollen with dried acetone according to 
25 the present invention; 

Fig. 5 is an absoibance spectrum of dye-tagged isocyanate molecules after 
being encapsulated into a gel and then swollen with dried acetone in which 
poly(propylene glycol)bis(2-aminopropy] ether) was added to the acetone fraction 
containing the released dye-tagged isocyanate molecules according to the present 
30 invention; 

Fig, 6 is an infrared (FIIR) spectrum of dye-tagged isocyanate molecules 
after being encapsulated into a gel and then swollen with dried tetrahydrofiiran 
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(THF) in which acetone was added to the released dye-tagged particles in accoidance 
with the present invention; 

Figs. 7(a) and 7(b) arc infrared (FUR) spectra of the isocyanurate form of 
trimeric hexamethylene dusocyanate molecules released from a polyurethane-coated 
5 poly(ethyl acrylate) gel in the presence of tetrahydrofiiran (THF) according to the 
present invention; 

Figs. 8(a) and 8(b) respectively illustrate infrared (FUR) spectra for 
encapsulated and non-encapsulated molecules of the isocyanurate form of trimeric 
hexamethylene dilsocyanate in polyurethane-coated poly(diethylaciylamide) gels in a 
10 solution of tetrahydrofiiran (THF); 

Figs. 9(a) and 9(b) reqiectively illustrate infrared (FTIR) spectra for 
encapsulated and non-encapsulated phenyl isocyanate molecules in polyurethane- 
coated poly(dimethylaciylamide) gels in a solution of tetrahydrofiiran (THF); 

Figs. 10(a) and 10(b) respectively illustrate FTIR spectra for encapsulated 
15 and non-encapsuJated hexamethylene diisocyanate molecules in polyurethane-coated 
poly(diethybcryIamide)gels in a solution of tetrahydrofiiran (THF); 

Fig. 11 illustrates the temperatare dependency or tiiermal responsiveness of a 
N,N-diethylaciylamide/N,N'-methylenebis(aciylamide) (DEAAm/bis) gel in 
accordance with the present invention; 

20 Fig. 12(a)-12(d) illustrate various electronic spectra for a poly^,N- 

diethylacrylamide) gel swoUen wifli phenol red; and 

Fig. 13 iUustrates an infiated (FUR) s|)ectnim of isocyanate released from 
polyurea- and PVC- encapsulated noo-crosslinked gel comprising isocyante 
(viscosity 3,000-7000 cP in the presence of tetrahydrofiiran (THF); 
25 Fig. 14 iUustrates an infiared (FTIR) spectaum of isocyanate released from 

polyurea- and PVC- encapsulated non-crosslinked gel comprising isocyanate 
(viscosity 900-1500 cP) and polyisocyanate (DESMODUR) in die presence of 
tetrahydrofiiran (THF); 

Fig. 15 iUustrates an infrared (FTIR) spectrum of isocyanate released from 
30 PVC- encapsulated gels fonned in situ; and 

Fig. 16 aiustrates an infrared (FTIR) spectrum of isocyanate released from 
polyDMAAm gels. 
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SimUar reference characters refer to similar parts throughout the several 
views of the drawings. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
5 I. DEFINrnONS 

As used herein, a "gel" is a three-dimensional, crosslinked polymer network 
containing a solvent. Hie crosslinking of a "gel" may be very Hght so that its only 
effect is to increase the viscosity of the solution. The definition of "gel" is intended 
to include a polymeric solution which has this same effect on the viscoaty of the 
10 solvent as does a crosslinked gel. "Gel" is used interchangeably widi the term "gel 
network". On the contrary, a "gel precursor" is a three-dimensional, ciosslinted 
polymer network, preferably in dry form, which does not contain the solvoit. The 
"solvwit" is a liquid or semi-liquid material which may be a pure material or a 
mixture and may contain one or more liquids or solid solutes. In addition, a "non- 
15 aqueous reactive material" may be considered to be an organic, an inorganic or an 
organometallic compound or a mixture of compounds that lack a substantial quantity 
of water. The reactive material is capable of entering into a qwntaneous chemical 
reaction or capable of catalyzing a spontaneous chemical reaction. Preferably, the 
first non-aqueous reactive material is capable of being polymerized or capable of 
20 catalyzing a polymerization reaction. The non-aqueous reactive material is thus 
capable of reaction with other compounds but substantially not capable of reaction 
with the gel precursor or gel. Such non-aqueous reactive materials, include, but are 
not limited to isocyanates, multiiunctional amines, organometallic compounds, acyl 
haUdes, acids, acid anhydrides, aciylates and the like. A "catalyst" is an organic, an 
25 inorganic, or organometallic compound or mixture of compounds capable of 
modifying the reaction rate, reaction pathway or reaction completeness of one or 
more chemical reactions. Normally, the catdyst will either not be consumed in the 
chemical reaction, or will be consumed at a molar rate much less than that of die 
primary reactants. 

30 The term "hydrophobic" as used herein in connection with a gel defines a 

property of a gel that does not swell in water or that does not collapse in water. The 
term "ly(q)hilic" as used herein to defines a property of a gel (i.e., a "lyogel") that 



15 
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swells in a non-aqueous organic solvent. It is important to note that '■lyophilicity" 
does not mean that the gel will sweU in every organic solvent. A gel may swell in 
one oiganic solvent, but not swell in another or in a mixture of solvents. It is 
essential to verify that the gel is "lyophilic" to the solvem being considered. n,e 
5 tenn "detectable amount" refers to the presence of a material in a product which is 
detectable, but which does not react with other materials present in the product. The 
term "nonaqueous" means containing no substantial quantity of water . 

A "spontaneous chemical reaction" is a reaction which wiU proceed at a 
measurable pace under the conditions of mixing of the ingredients and does not 
10 require additional facton such as increased temperature, pressure or light to proceed. 

n. GENERAL CONSIDERATIONS 

Methods of encapsulating three dimensional, polymer gel networks will now 
be briefly discussed with reference to the schematic of Figs. l(a)-l(c). 

Referring now to Rg. 1(a), a three dimensional, cross-linked polymer gel 
network 10 is provided. TTiis polymer gel networic may be synthesized using 
conventional procedures well known in the art. as discussed in more detail below in 
Section m. Polymer gel networic 10 is then exposed to a first non-aqueous reactive 
material 12. The first non-aqueous reactive material 12 has one of the following 
20 characteristics: (i) tiie first non-aqueous reactive material, most preferably an organic 
compound, is most preferably capable of entering into a spontaneous chemical 
reaction; and/or (ii) the first non-aqueous reactive material is a catalyst, preferably 
an organic or an organomelallic catalyst, that is capable of catalyzing a reaction, 
preferably a polymerization reaction. The thr«e dimensional polymer gel netwwk 10 
25 is contacted wifli the first non-aqueous reactive material 12 under conditions 

sufficient for the first non-aqueous reactive material 12 to be incorporated into ti,e 
polymer gel network 10. The term "incorporated" means tiiat die polymeric gel 
networic will be swoUen by the first non-aqueous reactive material 12 so tiiat the 
first non-aqueous reactive material is held witiiin tiie gel. 
30 The next step in tiie process shown in Fig. 1(a) is tiie process of forming an 

encapsulated gel 14. The tiiree dimensional polymer gel network 10 containing die 
incorporated first non-aqueous reactive material 12 is contacted with a second non- 
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aqueous reactive material 16 that is external to the gel network 10. The second 
non-aqueous reactive material(s) 16 (see reference numeral 18 in Fig. 1(b) for 
additional second non-aqueous reactive material) has the following properties: (i) the 
second non-aqueous reactive material(s)y preferably an organic compound, is capable 
5 of being polymerized; (ii) the second non-aqueous reactive material(s) may contain a 
catalyst, preferably an oi^ganic or organometallic catalyst, capable of catalyzing a 
polymerization reaction or (iii) a mixture of materials having the propeities of (i) 
and (ii). 

Once the polymer gel netwoik 10 containing the incoiporated first non- 
10 aqueous reactive material 12 is exposed to the second non-aqueous reactive material 
16, conditions are imposed that are sufficient for a portion of the first non-aqueous 
reactive material 12 to efflux from the polymer gel networic 10 and contact the 
second non-aqueous reactive material 16 that is disposed external to the gel. A layer 
of polymeric material 20, hereinafter lefexred to as an "encapsulation layer" or 
15 "polymer layer", is formed around at least a portion of the outer peripheral surface 
21 of the gel network 14, layer 20 being the reaction product of the first and second 
non-aqueous reactive materials. Thus, if the first non-aqueous reactive material 12 is 
a polymerizable organic compound such as an isocyanate, and the second non- 
aqueous reactive material 16 includes at least a polyol and, optionally, an 
20 oisanometallic catalyst, then the first and second non-aqueous reactive materials 
would react to form a polyurethane layer 20 around at least a portion of the gel 
networic. Alternatively, if the first non-aqueous reactive material were a diacid 
chloride and the second non-aqueous reactive material were a diamine, the first and 
second non-aqueous reactive materials would react to form a polyamide. In the 
25 polyurethane example illustrated, it will be appreciated that the polyol may be 
incoiporated in the gel, and the isocyanate be diq)osed external to the gel. 
Normally, the non-aqueous reactive material that is readily used in the purest form 
wiU be incoiporated into the gel network. Isocyanates are preferably incorporated 
into the gel network and polyols, which in typical industrial processes contain 
30 secondary substances such as dyes, pigments, colorants, additives and the like, is 
disposed external to the gel netwoik. 
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Without intending to be bound by any theoiy, it is believed that the 
polymerization reaction between the first and second non-aqueous reactive materials 
is self-limiting. That is, as the polymerization reaction proceeds, it deposits a layer 
of polymeric product 20 around the outside of the gel 10. As polymerization 
5 reaction proceeds, the thickness of layer 20 increases, setting up a diffusion barrier, 
and the efflux of the first non-aqueous reactive material 12 from within the gel 
network 10 is gradually eliminated. The surficial polymerization reaction between 
the internal contents of the gel 12 and the external contents of the gel 16, 18 will 
eventually cease. The final result is a three dimensional polymer gel networic 10 
10 surrounded by a polymeric layer 20; i.e. an encapsulated gel 14. 

In addition to the methods listed, there are two other general methods of 
forming an encapsulated gel. The gel may be coated with two reactive materials in 
succession with an "inert" material, such as a catalyst, in the gel. Additionally, the 
gel may be coated with a material and a solvoit. TTie solvent is thereafter dried, 
15 leaving the coating in place. There are many process variations in which either of 
these methods can be accomplished. Referring now to Rg. 1(b), a three- 
dimensional polymer gel networic 10 is exposed to a first non-aqueous reactive 
material 12 (as in Fig. l(a)),under conditions sufficient for the first non-aqueous 
reactive material 12 to be swollen into the polymer gel 10. Next, the polymer gel 
20 network 10 having the first non-aqueous reactive material 12 incorporated therein, is 
exposed to one or more second non-aqueous reactive materials 16, 18 that are 
external to the gel network 10. We note that this method may be distinguished fiom 
the method of Fig. 1(a) in that first non-aqueous reactive material 12 incorporated 
into the polymer gel networic 10 in Fig. 1(b) does not efflux from within the gel 
25 networic 10 and an encapsulation layw 20 is formed by the reaction of the external 
non-aqueous reactive materials 16, 18 with each other to fonn a polymeric 
encapsulated layer 20, i.e. an encapsulated gel 14. It will be appreciated that, in this 
embodiment, the first non-aqueous reactive material 12 inside the gel networic 10 
may be identical to one of the second non-aqueous reactive materials 16, 18. It is 
30 also possible in this case that the first non-aqueous reactive material will not 

spontaneously react with any of the second non-aqueous reactive materials to form a 
polymeric encapsulation layer. 
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Altematively, the first non-aqueous reactive material 12 may participate in 
the polymerization reaction in the following way: a portion of the Hrst non-aqueous 
reactive material 12 effluxes from within the gel network to the surface of the gel 
network and reacts with second non-aqueous reactive material 16 external to the 
5 network, thereby initiating the formation of encapsulation layer 20. Non-aqueous 
reactive material 18 then is added to material 16 to facilitate the rate of formation of 
encapsulation layer 20. Non-aqueous reactive material 18 may also be physically 
separated from non-aqueous reactive material 16. In this case, the gel 10 having 
fu-st non-aqueous reactive material 12 therein is contacted with second non-aqueous 

10 reactive material 16. Next, gel 10 is then removed from non-aquebus reactive 
material 16 and contacted with non-aqueous reactive material 18. Subsequent 
contacting of gel 10 in non-aqueous reactive materials 16 and 18 may be desired to 
increase the thickness of encapsulation layer 20. 

Fig. 1(c) schematically illustrates the case where the first non-aqueous 

IS reactive material 12 is a catalyst capable of catalyzing a spontaneous ch^cal 
reaction. The most preferred catalysts are organic or organometaUic catalysts, as 
discussed in more detail below in Section IIIA.3. A three dimensional polymer gel 
network 10 is placed in contact with a first non-aqueous reactive catalyst 12 under 
conditions sufficient for the catalyst 12 to be incorporated into the polymer gel 

20 network 10. The polymer gel network 10 incorporated with the catalyst 12 is then 
contacted with a solution containing one or more second non-aqueous reactive 
materials 16, 18. In this embodiment, it is preferable that the second non-aqueous 
reactive materials 16» 18 are not catalysts but are capable of reacting with each other 
in the presence of catalyst 12. The gel network 10 containing the catalyst 12 is 

25 exposed to conditions sufficient for at least part of the catalyst 12 to efflux from the 
polymer gel network 10 and to contact the second non-aqueous reactive materials 16, 
18. A catalyzed polymerization reaction will occur, substantially on the outer 
surface 21 of the polymer gel network 10 to form encapsulated layer 20, i.e. an 
encapsulated gel 14. As discussed above, it is believed that this reaction is self- 

30 limiting in the same way as the encapsulation reaction shown in Fig. 1(a). 

In sum, a polymeric gel network is contacted with a first non-aqueous 
reactive material such that the first non-aqueous reactive material is incorporated 
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within the gel netwoik. The gel network is then exposed to a second non-aqueous 
reactive material under predetermined conditions so that a polymer layer or 
encapsulation layer is fanned on an outer surface of the gel netwoik. The polymer 
layer acts as a barrier and aUows the gel to hold a sufficient amount of the first non- 
5 aqueous reactive material such that when the encapsulated gel is placed in a 

substance with which the first non-aqueous reactive material would typically react, 
no reaction occurs. Under predetermined conditions described below in Section Vn, 
the integrity of the encapsulation layer may be effectively compromised in such a 
manner that the first non-aqueous reactive material is released from the previously 
10 encapsulated gel, thereby initiating a reaction between the first and second non- 
aqueous reactive matnials to form a product. 

The present methodology will jprovide a means for making a polymeric 
product using materials that cannot now cun«ntly pix)duce the product. For ! 
example, because of its extreme reactivity at room temperature, or its extreme 
15 volatility, it may not now be possible to use a particular compound in a 

polyurethane reaction. The present method of encapsulation will enable a polymeric 
product to be formed using the material. It will be j^reciated that the present 
methods and compositions are is applicable to any non-aqueous reactive material 
that, where combined, form a desired prxxiuct. 

20 

A. Responsive Gels 

Preferred three dimensional polymer gel n^orks are responsive gel 
networks. The term "responsive gel", in the present context, refers to three- 
dimensional, polymer gel networks that are capable of incorporating a non-aqueous 

25 reactive material into the interstitial spaces of the gel networic, with a concomitant 
increase in gel volume. The term "re^nsive" is also more specifically meant to 
refer to three-dimensional, permanently crosslinked gel networics known in the art 
that undergo volumetric changes as an external environmental condition {e.g. , 
temperature; pH, electric field; light intensity and wavelength; pressure, ionic 

30 strength) is changed. The polymer gel networic contracts and/or expands in volume. 
The volume of such a gel may, under certain circumstances, change by a factor as 
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large as several hundred when the gel is presented with a change in external 
conditions. 

It is well known in the art that hydrogels will exhibit these volumetric change 
phenomena. See, for example, Tanaka, Physical Review Letters, Vol. 40, No. 12, 

5 pp. 820-823 (1978); Tanaka et al, Physical Review Letters, Vol. 38, No. 14, pp. 
771-774 (1977); Tanaka et al. Physical Review Utters 5, Vol. 45, pg. 1636 (1980); 
navsky, Macromolecules, Vol. 15, pg. 782 (1982); Hrouz et al, Europ. Polym. J., 
Vol. 17, pg. 361 (1981); Ohmine et al, J. Chem. Physics, Vol. 8, pg. 6379 (1984); 
Tanaka et al, Science, Vol. 218, pg. 462 (1982); Ilavsky et al. Polymer Bull. Vol. 

10 7, pg. 107 (1982); Gehrke, Responsive Gels:Volume Transitions 11; ed. K, Dusek, 
, Springer- Verlag, New York, pp. 81-144 (1993); Li et al, Ann. Rev. Mat. Sci., 22: 
243-277 (1992); and Yu et al. Enzyme Microb. Technol., 15: 354-366 (1993), all of 
which are incorporated herein by reference. 

There is, however, a relatively limited literature concerning responsive 

15 lyogels. Ansaka, et al, Macromolecules, 25, 4928 (1993) showed a volumetric 

change in a poly(4-vinylpyridine-styrene) gel in benzene, although an electron donor 
molecule needed to be dissolved in the benzene. Shiomi, et a/. Joint Symposium on 
Polymer Gels and Networks, Soc. Polymer Science Japan, p.40 (1993), which is 
incoxporated herein by reference, showed that polystyrene/polydimethylsiloxane 

20 networks were also characterized by volumetric changes as the solvent percentage 
compositions were changed in mixtures of MEK and cyclohexane, benzene and 
TEIF, and methanol and TEIF. 

We have discovered, that, in contrast to gels undergoing volumetric changes 
in hydrocarbon solvents, gels may also exhibit volumetric change phenomena in 

25 highly reactive, organic fluids such as isocyanate solutions and polyol solutions. 
Therefore, particularly preferred ''responsive** polymer gel networks encompassed 
within the present invention and encapsulated using the present methods are not 
hydrogels at all, but are polymer gel networks that are both hydrophobic and 
lyophilic. 

30 The responsive gels may also be "reversibly responsive", i.e., when 

challenged with an environmental change, the environmental change affects the gel 
by causing the ratire gel, or a component thereof, to undergo a reversible volumetric 
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change. It is preferred that the gel undeigo a reversible volumetric change of at least 
20 percent in response to a change in an environmental condition, in which the gel 
expands from a less Uquid-filled state or dry state at a lower temperature to a more 
liquid-fiUed state; or collapses from a more Uquid-fflled state to a less liquid-filled 
5 state. The reversible volume change involves a shift between two equilibrium states 
(i.e., swollen and collapsed). 

The reversible volume change of the entire gel, or a component thereof, may 
be either continuous or discontinuous. A "continuous" volume change is marked by 
a reversible change in volume (i.e. a collapse or swelling) that occurs over a 
10 relatively large change in environmental condition. Moreover, there exists at least 
one stable volume near the transition between die swollen and collapsed states. Gels 
may undeigo a "discontinuous" volume change in which the reversible transition 
from swoUen to collapsed states, and back again, occurs over an extremely small 
change in environmental condition, such as less than 0. 1°C or 0. 1 pH unit, Such 
15 reversible gels are hereinafter called "phase-transition" gels. ITiere is no stable 
volume between die swollen and collapsed states at the phase-transition and, in 
dieory, die expansion and/or collapse occurs over an infinitely small environmental 
change. A gel undergoing a continuous phase-tiansition may have a similar oixler of 
magnitude total volume change as a gel undergoing a discontinuous phase-transition. 
20 On a molecular level, die phase transition gels are sensitive to smaU changes 

in a restricted repertoire of environmental "trigger" conditions consisting primarily 
of temperature. Trigger conditions are not so limited, however, and may also 
include pH, solvent concentration, and ion concentration. On a macroscopic level, 
any of a variety of environmental conditions may be imposed on die gel which 
25 aUows die specific trigger to induce a phase-transition. TTiese environmental 

conditions may, but not necessarily, be die same as die trigger and include, but are 
not limited to, a change in temperature, electric field, photon easrgy, pH, solvent 
composition, ion concentration, concentration of biomolecules, pressure, and die 
like. 

30 The gels may be combined widi a material diat acts as a molecular 

"transducer", converting an environmental condition into an appropriate trigger. For 
example, a dye may be introduced into a temperature-triggered fast response gel. 
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The dye is designed to absorb light of a given energy and convert the light energy 
into heat, thus triggering the gel to undergo a temperature induced rapid phase- 
transition. See also, A. Suzuki and T. Tanaka, Nature: 346: 6282 (1990), 
incoiporated herein by reference. 
5 The volumetric changes of gels described herein result from competition 

between intermolecular forces, usually electrostatic in nature, that act to expand the 
polymer network; and at least one attractive force that acts to shrink it. Volumetric 
changes in gels are believed to be driven primarily by four fundamental forces: 
ionic, hydrophobic, hydrogen bonding and van der Waals bonding interactions, 

10 either alone or in combination. Each of these interactions may be indq)endently 
responsible for a volume transition in preferred gels of the invention. Each of these 
fundamental forces is most strongly afTected by a particular trigger. Changes in 
solvent concentration most strongly affect the van der Waals interaction; changes in 
temperature most strongly affect hydrcq)hobic interactions and hydrogen bonding; 

15 and changes in pH and ion concentration most strongly affect ionic interactions. 

Gels may be formulated in which the volume change is governed by more 
than one fundamental force. In particular, gels consisting of copolymer of 
positively and negatively chaiged groups meet this requirement. In these gels, 
polymer segments interact with each other through ionic interactions and hydrogen 

20 bonding. The combination of these forces results in the existence of several pH- 
driven phases. See Annaka and Tanaka, Nature 355: 430-432 (1992), incoiporated 
herein by reference. An exemplary gel of this type is a copolymer of acrylic acid 
and methacryl-amido-propyl-trimethyl ammonium chloride (MAPTAC). For a 
summary of the properties of responsive hydrogels, see U.S. Patent Nos. 4,732,930; 

25 4,912,032; and 5,242,491, incoiporated herein by reference. 

m. POLYMER GEL SYNTHESIS 

Gel precursors suitable for use in accordance with the present invention 
include various cross linked polymers, which are set forth in greater detail herein. 
30 Alternatively, the gel precursor may be synthesized from the polymerization of a 
monomer and a crosslinking agent. The synthesis may also include the use of an 
initiator and/or a promoter. 
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A. Gel Precursors 

In principle, a gel can be made from any polymer with side groups that can 
react with a di- or raulti- functional crosslinking molecule (typically in a covalent 
reaction, but physical interactions will also work). The simplest systems from which 
5 gels can be made are polymers with hydroxyl, acid or amine side groups. 
Nevertheless, certain design niles are necessary for ti»e present methods and 
compositions used with highly reactive materials. 

Reactive materials (i.e., isocyanates) can be characterized by the types of 
chemicals witii which they will react or which will catalyze tiieir reactions. As an 
10 example, isocyanates will react with substances containing an active hydrogen, a 
class of material including water, alcohols, primary and secondary amines, acids, 
mercaptans and amides formed from primary amines. Isocyanates can also i«ict 
witii some of tiie reaction products of isocyanates such as uretiianes and ureas. TTie 
rate and degree of reaction witii tiiese materials can vary greaUy from material to 
15 material. TTius. a gel of N-isopropylacrylamide (NIPA) is not piefen«l for use as a 
gel capsule for isocyanates. Nevertheless. NIPA gels would be suitable for 
encapsulating multifunctional amines (See Example 5) and catalysts (See Example 6). 

It is exceedingly desirable in designing gels and gel precursors for 
encapsulation of non-aqueous reactive materials, especially organic materials, to 
20 avoid any gel/gel precursor component witii which tiie non-aqueous reactive material 
can react or which will catalyze reaction or decomposition of tiie non-aqueous 
reactive material. Hydrogels tiiat are well known in tfie literature, which include 
polyacrylic acid, polyvinyl alcohol, acrylamide. substituted aciylamides and ceUulose 
ethers, such as hydroxypropyl ceUulose (HPC) and hydroxypiopyl metiiyl cellulose 
25 (HPMC). contain active hydrogens and therefore are not ideaUy compatible wifli 
non-aqueous reactive materials such as isocyanates. 

Some gel precursors are known, however, which do not contain an active 
hydrogen. Tliese materials include disubstituted acrylamides such as poly (N,N- 
disubstittited acrylamides) like dimetfiyl acrylamide, diethyl acrylamide and 
30 moipholine acrylamide; acrylates. such as mefliyl acrylate, etiiyl acrylate, propyl 
acrylate, butyl acrylate and 2.ethylhexyl acrylate; and substituted vinyl etiiers. such 
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as methyl vinyl either and ethyl vinyl ether, polyacrylate ethers, polyglycol ethers. 
These materials can exist in the presence of isocyanates and not cause reaction. 

It is also important that the polymer gel network and/or gel pi^ursor not 
catalyze decomposition of the non-aqueous reactive material. As an example, vinyl 
5 pyridine contains no active hydrogen. However, as a tertiary amine, it can catalyze 
autopolymerization of isocyanates and so must be considered unsuitable for 
encapsulating isocyanate. It is also important that the gel netwoik be sufficiently 
lyophUic relative to the non-aqueous reactive material so that the gel is compatible 
with, and incorporates (e.g. by swelling) the non-aqueous reactive material. 

10 Polyethylene, polystyrene and polyvmylchloride contain no active hydrogens and do 
not catalyze decomposition of isocyanates. We have found, however, that for 
certain isocyanates, networics containing polyethylene, polystyrene and polyvinyl 
chloride arc not lyophilic. For these reasons, these substances must be considered 
unsuitable gel networics for those isocyanates. 

15 Finally, there must be no undesirable residue carried over within the gel 

network from the gel manufacturing process. As an example, crosslinked 
poly(dimethylacrylamide) is conveniently synthesized from water solution and the 
result is a hydrogel. When the water is removed, there is a certain quantity of 
"bound" water surrounding the gel networic, which requires additional effort and 

20 work to remove. It is essential that the bound water be completely displaced from 
the dimethylacrylamidc gel networic before it is used to incoiporate a firet non- 
aqueous reactive isocyanate. Solvent assisted swelling followed by vacuum 
sti^ing. See Example 4. 

These rules apply to minor components of the gel networic as well as major 

25 components. For example, BIS (bis methylene acrylamide) is commonly used as a 
crosslinker for gel networks in concentrations finom .01 to 5% by weight of solids. 
Our work has shown that, as a substituted amide present in small concentrations, BIS 
can be used together with dimethylacrylamide for gels for encapsulating isocyanate. 
However, it is preferred to use crosslinkers such as DEGDA 

30 (diethyleneglycoldiaciylate) which contain no active hydrogen. 
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Gel precursors suitable for use in accordance with the present methods and 
compositions are therefore weU defined and include any components which satis^ 
the following criteria: 

1) the gel netwoik precursor and gel network must not react with or 

5 «*^y»*«»™Position or reaction of the noh-aqueous reactive materi^^^^ 

i.e., the gel precursor and/or gel network contains no reactive groups; 

2) the gel network must incorporate the non-aqueous reactive material 
into the network; and 

3) there must be no undesirable residue (i.e. a residue that will react with 

10 the non-aqueous reactive material and/or will catalyze the ruction or decomposition 

of the non-aqueous reactive material) present from the synthesis of the gel networic 
itself. 

Various polymers which satisfy these criteria for specific reactive chemicals 
are listed below, together with crosslinking agents and the like. Hiese should be 
15 considered as illustrative and not restrictive. 

1 . Exemplary gels and gel precursors 
Gels may consist, in whole or m part, of polymers made by 
cppolymerization/ciosslinking of monofiinctional and polyfunctional polymerizable 
20 vinyl monomers. WhUe not to be construed as limiting, the monomer may include 
N,N-disubstituted aciyhmiides such as N.N-dialkylsubstituted aciylamides. or di-N N 
substituted aciylamides where the dissubtitution form part of a ring, aciylate ethers', 
alkyl substituted vinyl ethers, glycol ethers, and mixtures thereof. 

Exemplary polymeric gel networics thus may contain poly (N,N - 
25 dialkylaciylamide). poly(ethyl aciylate) and mixtures thereof, as well as polymers of 
N-alkylacrylamide (or analogous N-alkyhnethaciyhunide) derivatives such as N- 
ethylaciylamide. N-n-propylaciylamide, N-n-prppyhnethylaciylamide, N- 
isopxqpylaciylamide. N-n-isopropybnetiiylaciyJamide, N-cyclopiopylaciylamide, or 
aciylate (or analogous methacrylate) copolymers like hydioxypropyl aciylate-co^ 
30 acrylamide. diacetone aciylamide-co-hydroxyethyl aciylate, hydioxypropyl acrylate- 
co-hydroxyethyl aciylate, etiiylaciylamide, cyclopropylaciylamide, n- 
propylaciylamide, and isppropylacrylamide. 
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Gels may be prepared from synthetic starting materials using linear polymers 
that are capable of being crosslinked. Although many of the following gels contain a 
reactive hydrogen, the following gels may be compatible with multiftinctional 
diamines and may be made by crosslinking linear polymers through physical 
5 interactions as in the poly(vinyl alcohol)-poly(acryiic acid) or poly(ethylene glycol)- 
poly(methacrylic acid) systems, in which these hydrophobically modified 
polyethylene glycols and similar polymers can associate through strong hydrophobic 
interactions. Examples are poly(ethylene glycol)- poly(methacrylic acid) or 
poly(vinyl alcohol)-poly(acrylic acid). 

10 Similarly, natural polymeric precursors that may be chemically cross-linked 

may also be used in the invention. Exiemplaiy polymers, some of which contain 
reactive hydrogens, but that may be conveniently used with, for instance diamines 
according to the invention, include precursors such as alkyl-substituted cellulose 
derivatives like cellulose ethers. Exemplary cellulose ethers include methylcellulose, 

15 hydroxyethylcellulose, methylcellulose, and hydroxypropylcellulose, 

hydroxypropylmethycellulose, hydroxypropylcellulose, caiboxymethylcellulose and 
hydroxymethylcellose. Polymers such as polyvinylalcohol, polyethylene glycol, 
polypropylene glycol, and poly(hydroxypropyldextran) are also suitable. 
; Polypq)tidcs like poly(L-proline), and poly(valine-proline-glycine-X-glycine), [where 

20 X - tyrosine, phenylalanine, leucine, valine, glutamic acid, lysine, glycine, and other 
amino acids] may also be used. 

2. Exemplary Chemical Crosslinkers 

Exemplaiy crosslinking agents may include: ethylene glycol diaciylate 

25 (EGDA); di(ethylene glycol)bis(aUyl carbonate) ("DEGBAC*"); 

methylenebis(acTylamide) (*'bis*'); ethylene glycol dimethaciylate ("EGDMA"); 
magnesium methacrylate (^'MgMA^"); and mixtures thereof. Di(ethylene 
glycol)bis(allyl caibonate) ("DEGBAC") and ethylene glycol dimethacrylate 
("EGDMA") are commercially available itom Aldrich Chemical Company. The gel 

30 precursor is crosslinked and is most preferably chemically cross*Iinkable. Any 
reagent which can react with two or more groups on the monomer or polymer 
precursors can function as a crosslinker and convert that starting material to a gel. 
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Cross-Iinkers suitable for polymeric precursors may include diglycidyl ether, divinyl 
sulfone, epichloiohydrin, phosphoiyl chloride, trimetaphosphate. 
trimethylomelamine, polyacrolein, and eerie ion redox systems, although the most 
preferred of these will not have active hydrogens. The concentration of 
5 crosslinkable material is genendly about 0. 1 to about 10 mole percent based upon the 
polymerizable material which is the main component. The crosslinking agent effects 
partial crosslinking of the polymer and provides a means to control the gel's 
mechanical strength, swelling degree, and intensity of volume change trigger by 
changing the crosslinking density. Crosslinking of linear polymers by chemical 

10 reagents is preferred for gels made from biological polymers such as ceUulose 

ethers. Preferred crosslinkers for polysaccharide gels, especiaUy cellulose ethere, are 
multifunctional carijoxylic acids, such as adipic acid (hexanedioic acid: 
H00C(CHj)4C00H), succinic acid (HOOC(CH^COOH). malonic acid 
(propanedioic acid:CHj(COOH)j, sebacic acid (decanedioic acid: 

15 HOOC(CHj)COOH), glutaric acid Opentanedioic acid: H00C(CHj)3C00H), or 1,10 
decanedicaiboxyUc add. Dicaiboxylic hydroxyadds such as tartaric acid and mafic 
acid as weU as multifunctional carboxyUc adds such as 1 ,2,3,4-butanetetracaiboxylic 
acid may also be suitable. 

20 3. Exemplary Catalysts 

Dqwnding on the type of polymerization or crosslinking reaction, different 
types of catalysts may be required. For example, for polymerizing vinyl monomere, 
polymerization initiators, such as a free radical initiator, i.e. ammonium persulfate 
or sodium metabisulfite, are usually required in the present methods. For acid-base 
crosslinking reactions, catalysts such as hydroxide tiiat wiU catalyze reactions witii 
polyvinylsulfone may be required. 

B. Non-aqueous Reactive Materials Incorporated into the Gel Network 

While not intended to be fimiting, tiie gel network may have incoipoiated 
tiierein non-aqueous reactive materials such as: isocyanates, multifunctional amines 
such as di- or triamines, oiganometalfics, acyl halides, aciylates, polyols, acids, acid 
anhydrides, and mixtures tiiereof. More specific examples of such non-aqueous 
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reactive materials include: the isocyanurate fonii of trimeric hexamethylene 
dusocyanate, 1 ,6-dusocyanatohexane ("HMDI"), poly(propylene glycol)bis(2- 
aminopropyl ether) ("PPGBAE") which is commercially available from Aldrich 
Chemical Company under the trade name JEFFAMINE*, adipoyl chloride ("ACl"), 
5 phenyl isocyanate ("PI"), and mixtures thereof. 



C. Non-aqueous Reactive Materials External to the Gel Network 

While not meant to be limiting, the non-aqueous reactive material disposed 
external to the gel, and which reacts with the incorporated material in the gel, may 

10 include polyols, polyamines, an isocyanates, acids, oiganometallics, acid hydrides, 
.and mixtures thereof. For instance, one polyol suitable for use is an oligomeric 
product composed of the ester formed ftom adipic acid and 1,4-cyclohexane 
dimethanol. Another non-aqueous reactive material may be poly(propylene 
gIycol)bis(2-aminopropyl ether) ("PPGBAE"), available from Aldrich Chemical 

15 Company, St. Louis, MO). 

While each of the following components may not be preferred for 
incoiporation into every gel, or for use external to every gel, the components are 
provided to illustrate the type of non-aqueous reactive materials that may be used in 
the present invention. Those skilled in the art wiU, based on the design criteria set 

20 , forth above and based on the e}q)erimental protocols set forth herein, readily 
ascertain if any particular non-aqueous reactive material is suitable for use in the 
invMition. 

Suitable isocyanates include any diisocyanates or polyisocyanates or mixtures 
thereof. Such compounds include aSphaHc, cycloaliphatic, araliphatic, aromatic and 

25 heterocyclic polyisocyanates. Other exemplary isocyanates include 4-methyl-l,3- 
phenylene diisocyanate, TDI, and its dimers known under the trademaric 
DESMODUR TT (Bayer); 1,6-hexamethyIene diisocyanate and its oligomers ; 1- 
isocyanato-3-isocyanatomethyl-3,5,5-trimethyl-cyclohexane (isophorone 
diisocyanate); 4,4'-diisocyanato dicyclohexybnethane and its oligomers; 1,5 

30 diisocyanato-2-methylpentane and its oligomers; 1,12-diisocyanatododecane and its 
oligomers; and 1,4-diisocyanatobutane and its oligomers. 
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Multifiinctional amines are also suitable non-aqueous reactive materials and 
are generaUy di-ftinctional or higher, low molecular weight or relatively high 
molecular weight compounds containing aliphaticaUy bound primary and/or 
secondary amino groups and having molecular weights of from 60 to about 6000 and 
5 preferably from 60 to 3000. The preferred non-aqueous reactive amines are low 
molecular weight and/or relatively high molecular weight primary and/or secondary 
polyamines, preferably diamines. As used herein, the term "aliphatically-bound" 
amine groups is meant to include amino groups attached to alq)hatic groups 
(including cycloaliphatic groups) or to the aliphatic residue of arallphatic groups or 
10 in non-aromatic heterocycUc rings. In addition to tiie amino groups, the 

aliphaticaUy-bound di- and polyamines may also contain OH-groups, tertiary amino 
groups, etiier groups, tiiioether groups, uretiuuie groups, urea groups, caiboxyl 
groups or caiboxylic acid all^lester groups. 

Diamines and polyamines suitable for use may include, for example, eUiylene 
15 diamine; 1 ,2- and 1 ,3-propane diamine; 1 ,4-butane diamine; 1 ,6-hexane diamine; 
neopentane diamine; 2,2,4-and 2,4,4-trimetiiyl-l , 6-diaminohexane; 2,5-dimethyI- 
2,5-diaminohexane; 1,10-decane diamine; 1,1 1-undecane diamine; 1,12-dodecane 
diamine; bisaminometiiylhexahydro-4,7-methano-indane (TCD-diamine); 1,3- 
cyclohexane diamine; 1,4-cyclohexane diamine, l-amino-3,3,5-tiimethyl-5-amino- 
20 methyl cyclohexane (isophorone diamine); 2,4- and/or 2,6-hexahydiotolylIene 
diamine; 2,4'- and 4,4'-diaminodicyclohexyl mefliane; m- or p-xylylene diamine; 
bis-(3-amino-propyl)metiiylamine; bis-N,N'-(3-aminopropyU)-pipeizaine; 
diaminoperhydroantiiracenes; l-aniino-2-aminomethyl-3,3,5-(3,5,5)- 
tfimeUiylcyclopentane; 2,2-diaIkylpentane-l,5-diamines; triamines, such as 1,5,11- 
25 triaminoundecane; 4-aminomethyl-l,8-diaminooctane; lysine methyl ester and 

cycloaliphatic triamines as described in Gennan Offenlegungsschrift No. 26 14 244; 
4,7-dioxadecane-l,10-diamine; 2,4- and 2,6-diamino-3,5-diethyl-l- 
metiiylcyclohexane and mfactures tiieieof; alkylated diaminodicyclohexybnetiianes, for 
example 3,3'-dimetfiyl-4,4'-<iiaminodicyclohexyhneUiane or 3,5-diisopropyI-3',5'- 
30 diethyl-4,4'-diaminodicyclohexylmetiiane; periiydrogenated diaminonaphthalenes; 
perhydrogenated diaminoanthracenes; higher amines, such as dietiiylene triamine, 
ttieUiylene tetramine, pentaefljylene hexamine, dipropylene triamine and tripropylene 
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tetramine; N,N'-dimethyl ethylene diamine, 2,5-diniethyl piperazine; 2-methyl 
piperazine; piperazine (hydrate); and 2-hydroxyethyl piperazine. 

In addition to or in admixture with these relatively low molecular weight 
aliphatic diamines (by "relatively low molecular weight** compounds containing 

5 aliphatically-bound amino groups, is meant molecular weights of less than 400) it is 
also possible to use relatively high molecular weight aliphatic di-and polyamines 
(i.e., molecular weights of 400 or more) of the type obtainable, for example by the 
reductive amination of polyoxyalkylene glycols with anunonia in accordance with 
Belgian Pat. No. 634,741 or U.S. Pat. No. 3,654,370. Other relatively high 

10 molecular weight polyoxyalkylene polyamines may be obtained by methods of the 
type described in the Company Publication entifled " Jeffamine, Polyoxypropylene 
Amines" by the Texaco Chemical Co., 1978; by the hydrogenation of cyanoethylated 
polyoxypropylene glycols (German Offenlegungsschiift No. 11 93 671); by the 
aminiation of polypropylene glycol sulfonic acid esters (U.S. Pat. No. 3,236,895), 

15 by the treatment of a polyoxyalkylene glycol with q)ichlorohydrin and a primary 
amine (French Pat. No. 1,466,708); or by the reaction of NCOprepolymers with 
enamines, aldimines or ketimines containing hydroxyl groups, followed by 
hydrolysis in accordance with German Auslegeschrift No. 25 46 536. Other suitable 
relatively high molecular weight aliphatic di-and polyamines are the polyamines 

20 obtainable in accordance with German Offenlegungsschriften Nos. 29 48 419 and 30 
39 600 by the alkaline hydrolysis of NCO-prepolymers (with a]q)batic diisocyanates) 
with bases via the carbamate stage. These relatively high molecular weight 
polyamines have molecular weights of fmm about 400 to 6000, preferably from 400 
to 3000 and, more preferably, from 1000 to 3000. 

25 By virtue of their structure, relatively high molecular weight polyamines 

such as these are particularly suitable for the formation of a polyurea encapsulation 
layer. The reaction leading to gel encapsulation are carried out at temperatures 
below the melting temperature of the particular non-aqueous reactive materials and 
are generally at temperatures below 70^ C, preferably at temperatures in the range 

30 from 0° to 50^ C. 

The non-aqueous reactive material may also consist of organic compounds 
containing one or, preferably more hydroxyl groups and having molecular weights of 
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from 62 to 6000. However, it is preferred to use relatively high molecular weight 
polyols having molecular weights in the range from 400 to 6000. preferably in the 
range from 400 to 3000 and. more preferably, in the range from 1000 to 3000. 
optionaUy in conjunction with low molecular weight polyols. 
5 Examples of useful monoalcohols include relatively low-chain alcohols, such 

as isohexadecanol. and, propoxylation products of monohydric alcohols, said ' 
propoxylated products having molecular weights of preferably, from 4000 to 6000. 
(for example propoxylation products of n-butanol). Suitable low molecular weight 
polyols include, for example. 1,4-butane diol, 1,10-decane diol, tetia- 
10 (hydroxypropyD-ethylene diamine or castor oil. The preferred lehtively high 

molecular weight polyols (i.e., molecular weights of from 400 to 6000) include for 
example, polyoxyalkylene polyols. such as polyoxytetnunethylene glycols or 
ethoxylation and/or propoxylation products of low molecular weight diols. polyols. 
diamines and polyamines. Examples include propoxylated trimethylol propane. 
15 propoxylated ethylene diamine or linear or branched polypropylene glycol etheis 
which may contain ethylene oxide is statistical, block-like or terminal form. 

One embodiment, for example is characterized by the use of difiinctional or 
higher, relatively high molecular weight polyols as a non-aqueous reactive material 
of the invention. When used iii the synthesis of polyurethanes, these polyols are 
20 directly employed as reactants containing hydroxy] groups. Accordingly, it is also 
possible to use any relatively high molecular weight compounds containing OH- 
groups normaUy used for the synthesis of polyurethanes as the such as polyethers, 
polyacetals. polythioethers and even polyesters of the type described, for example, in 
German Offenlegungsschrift No. 29 20 501. 

25 



IV. MBraODS OF MAKING POLYMERIC GEL NETWORKS 
30 A. General Prot col 

Polymerization is initiated using a polymerization initiator, e.g., a free 
radical initiator such as ammonium persulfate, sodium metaWsulfite or tiie like. 
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preferably with dilution with a appropriate solvent, e.g., dimethylsulfoxide. 
However, neither the solvent nor the polymerization initiator are always important 
factors to obtain the polymerized product from the monomer mixture, and any 
method suitably selected from conventionally well-known gelation methods may be 
S applied. 

Monomer starting materials are suitable, although polymeric starting 
materials are also suitable. When monomeric precursor units are used in the 
methods of the invention, the polymer is formed simultaneously with polymer 
crosslinking. A general protocol for forming a gel of the present invention using a 

10 crosslinkable, linear polymer starting material includes the steps of dissolving dry 
linear starting material polymer(s) in a suitable solvent and allowing the polymer(s) 
and solvent to mix. A crosslinking agent is then added to the polymer solution and 
the solution and crosslinker are further mixed together. The resulting solution may 
be poured into a solid mold (i.e., between two glass plates) and the crosslinking 

15 reaction carried out at a given temperature regime. The gel solution may also be 
formed into beads or spheres using crosslinking in a non-solid mold where the 
reacting solution (polymer precursor, crosslinker and catalysis, if needed) is 
dispersed in a non-solvent to form a droplet. The solution reacts within the droplet to 
form a bead. In this method, the non-solvCTt may be considered to be a "mold** for 

20 droplets. See e.g., U.S. Patent 3,953,360, incorporated herein by reference. 

Gels may also be made by physically crosslinking polymeries. For example, 
polyvinyl alcohol and polyacrylic acid interact via extremely strong, non-covalent 
bonding that is essentially irreversible. Gels may also be made by photochemical 
crosslinking such as exemplified by use of ultraviolet light. Nevertheless, preferred 

25 are chemically crosslinked polymer gel networks. "Chemically crosslinked" means 
that a chemical reagent is added during synthesis which reacts with two or more 
polymer chains. The term "crosslinked" is meant to include gamma radiation 
crosslinking as well as photochemical, electron beam, or ultraviolet cross-linking. 
The preferred synthesis of an encapsulated gel network from a monomer gel 

30 precursor in the present invention includes mixing the monomer with a crosslinking 
agent, thereby forming a first solution. The monomer and crosslinking agent may 
alternatively be mixed in the presence of a solvent. The first solution is tiien sealed 



wo 96/25457 PCTAJS96/02109 

-33- 

and subjected to degassing or deaeration for a predetennined period of time. See 
Examples 1 et seg. A second solution containing initiators and/or promoters may 
then be added to the fust solution. 

Preferred solvents (for a monomer and crosslinking agent) include 
5 dimethylsulfoxide ("DMSO"), water, ethanol, toluene, THF, dimethylfonnamide and 
MEK. The monomer and crosslinking agent solution may be subject to degassing or 
deaerating by bubbling with an inert gas such as nitrogen for a period of time long 
enough to ensure an absence of oxygen and water. An initiator such as 2,2'- 
a2obis(2-methylpropionitrile) or ammonium persulfate available from Eastman Kodak 
10 Company, Rochester, N.Y. may be added to the monomer and crosslinker solution. 
Alternatively, benzoyl peroxide in ethyl aciylate may be added as an initiator. A 
promoter such as N,N,N',N'-tetramethylethylenediamine (available from 
Polysciences,) may be included with the initiator. It should be jq)preciated, 
however, that the initiators and promoters listed above are exemplary only and that 
15 other known initiators and promoters are suitable for use in accordance with the 
present invention. The initiators and/or promoters may be dissolved with a 
suitable solvent and/or combined with a solvent such as dimetfiylsulfoxide 
("DMSO") prior to being added to the monomer and crosslinker solution. 

20 V. mCOM>ORATION OF NON-AQUEOUS REACTIVB MATERIAL INTO THE 
GEL NETWORK 

The synthesized gel netwoik is washed and collapsed prior to incoipoiation 
with a non-aqueous reactive material, primarily to remove undesiFable solid or liquid 
residue from the gel networic. The gel precursor may be sectioned and the sections 

25 washed with an excess of a gd displacing agent in which the gel is capable of 
swelling. For example, the gel networic is sectioned into several pieces and then 
washed, and subsequently swollen, with acetone. The gel network is then coUapsed 
utilizing an excess of a gel collapsing agent such as toluene. Collapse of the gel will 
disgorge contents contained within the gel network so that washing and collapsing 

30 the gel in this manner removes fluid or other impurities from within the gel network. 
It should be understood that other materials which are capable of causing the gel 
component to swell and collapse are suitable for use in this methodology. 
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Gel particles of proper size and purity are swelled with a reactive material. 
This can be done by placing the gel in an excess of reactive material which is to be 
swelled. The gel which is dry and solvent-free is then placed in an excess of a first 
non-aqueous reactive material to be incorporated therein. The gel is designed to 

5 swell in the presence of the first non-aqueous reactive material. Preferably, 
incorporation of the first non-aqueous reactive material is performed at room 
temperature. It may be desirable, however, to incorporate the first non-aqueous 
reactive material at an elevated temperature to accelerate the process. 

To facilitate the swelling process, an accelerator may be utilized. While not 

10 meant to be limiting, ketones, ethers, and cycUc ethers are suitable swelling agents. 
For example, tetrahydrofuran ("THF") or methyl ethyl ketone ("MEK") may be used 
as cosolvent and diluent for the reactive material to increase or faciHtate the swelling 
pix)cess. Preferably, the swelling accelerator agent is a solvent having a molecular 
weight of less than 1000, and more preferably less than about 100. The swelling 

15 accelerator agent preferably is vacuum stripped or removed ftom the gel after 
swelling is completed. See Example 4. 

VI. GEL ENCAPSULATION 

The swollen gel is placed into contact with an excess of encapsulating 

20 material (i.e., a second non-aqueous reactive material) for a time sufficient to allow 
formation of tiie enc^lation layer. This is accomplished by allowing a portion of 
the first non-aqueous reactive matraial incorporated within tiie gel network to rfflux 
and react witti tiw second non-aqueous material (see Fig. 1(a)). The encapsulating 
material should be selected based upon the non-aqueous reactive chemicals to be 

25 encapsulated. Whfle not meant to be limiting, if an isocyanate is being encapsulated, 
tiie encapsulating material may be a polyol, a polyamine, or mixteres fliereof . 

The enc^sulating layer may alternatively be formed by contacting a gel with 
a second non-aqueous reactive material for a predetermined time period and 
tiiereafter contacting tiie gel witii anotiier second non-aqueous reactive material (see, 

30 for instance, reference numbers 16 and 18 in Fig. 1(b)) such tiiat a reaction occurs 
between the two second non-aqueous reactive materials on tiie outer surface of the 
gel networic. Exposure to tiie otiier second non-aqueous reactive material may be by 
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dropwise addition into the mixture containing the gel network (see Fig. 2(b)), or by 
sequential contacting of the gel in tiie second reactive material, followed by 
contacting in additional second reactive material. For puiposes of illustration, poly 
(N,N-dialkylaciyamide) gel particles swoUen witfi isocyanate may be allowed to 
5 react with polyamine or polyol, removed tfierefrom and then placed in an isocyanate 
such that a polyurea or polyurethane encapsulated layer is pnxiuced. The process 
may be repeated until a desirable encapsulation tiiickness is obtained. 

The second non-aqueous reactive material preferably is mixed witii a catalyst 
such as dibutyltin dilaurate (available from Aldrich Chemical Company). Hie 
10 swollen gel network may be placed in tiie catalyst/second non-aqueous reactive 
material nuxture and periodically agitated at room temperature until signs of 
hardening in the second non-aqueous reactive material/catalyst solution become 
visible, nie encapsulated gel is tiien sq»rated from tiie reaction materials using 
standard metiiods such as centrifugation, fUtiation and Uie like. 
15 In order to insure tiiat tiie gel networic is encapsulated witii a sufficient 

tiiickness of encapsulating layer, tiie gel preferably is placed in a sealed container 
with a fresh second non-aqueous reactive material/catalyst mixture. The mixture 
preferably is maintained at room temperature and periodically agitated. The 
encapsulating layer is deemed of sufficient tfiictaiess when no further hanlening of 
20 the Hquid surrounding the gel particles is observed. 

The present invention may be utilized to produce a variety of encapsulated 
polymer gel networics. Gels which possess hydrophobic and lyqphiHc properties 
may also be produced according to die invention. In this embodiment, tfie gel 
remains intact in tiie presence of water, i.e. , the oicapsulated non-aqueous reactive 
25 material does not diffiise or transverse the encapsulation layer and tfie water does not 
appear to substantiaUy difiiise or traverse tiie encapsulation eitiier. In die presence 
of a compatible solvent, however, die encapsulated non-aqueous reactive material is 
released and reacts with the solvent. 

Witiiout intending to be bound by any tiieory, it is believed tiiat tiie ability of 
30 tiie encapsulated gel networic to retard effusion of tiie first reactive material and to 
retard infusion of material(s) external to tiie gel is not only a function of die 
peimeabiUty resistance of tiie encapsulation layer. In die case of water and die 
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compatible solvent, the swelling of the gel network by the compatible solvent clearly 
illustrates the permeability of the encapsulation layer. However, the non- 
permeability of the water suggests that the hydiophobicity of the gel network and the 
encapsulating layer is an additional factor contributing to tiie effectiveness of the 
S encapsulation. 

The present metfiod used for nonaqueous media is not tiie only means for gel 
encapsulation. It will be understood that persons having ordinary skill in tiie art 
may, using tiie techniques, design rules and protocols developed herein, adapt ottier 
metiiods such as in-situ polymerization, two component nozzle polymerization, 
10 centrifngal polymerization, spray drying, fluid bed drying and rotational suspension 
separation encapsulation to encapsulate highly reactive nonaqueous materials in geb. 

Vn. RELEASE OF ENCAPSUIATED NON-AQUEOUS REACTIVE MATERIAL 
The encapsulated gels may be stored as particles in bulk form or 
15 alternatively, in solution. Storage as soUd particles, e.g. pellets, may be desirable 
for shipping, distribution and storage due to reduced volume and weight. If stored 
in solution, tiie solvent may be, or may contain, a material which is capable of 
reacting with tiie encapsulated first non-aqueous reactive material when tiie latter is 

disgorged from the geL 
20 In general, flie encapsulated gel network is exposed to conditions sufficient 

for tiie encapsulation layer to be compromised. THe term "compromised" means tiiat 
all, or a portion, of tiie encapsulation layer is broken or otiierwise disrupted so tiiat 
the internal contents of the gel network may come into contact witii any materials 
external to the network. 
25 For instance, encapsulated gd networic is placed in an excess of a solvent 

("swelling solvent") which is capable of compromising the encs^sulation layer or 
coating. A swelling of flie gel particles occurs and is foUowed by tiie release of tiie 
encapsulated material. Tlie swelling solvent may be selected from a variety of 
solvents. For example, acetone, metiiyl etiiyl ketone, tetiahydrofnran ("THF") and 
30 tiie like arc suitable swelling solvents so long as a sufficient swelling of tiie gel and 
release of the encapsulated material occurs. 
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The encapsulated material may also be released by shear. For instance, 
encapsulated gel particles may be placed into a valve or the like and subjected to 
pressure such that the particles are sheared in the valve, thereby mpturing and 
producing smaU gel pieces. The encapsulated particles may also be released by 
other appUcations of shear. For example, the gel particles may be sectioned into a 
plurality of pieces having diameters of several microns. TTie encapsulated material 
may be also the released by any of the other methods used to induce volume change 
in responsive gels, including subjecting the gel networic to a change in temperature, 
acidity, or basicity, ion or ionic strength, light, pressure and the like. ( See U S 
Patent 4.732,930. 4.912,032. et al supra) provided the change in condition does not 
affect the gel network in some deleterious manner. 

Vm. TEffiRMORESPONSIVE LYOGELS 

TTie present invention also provides methods and gel compositions which 
undergo temperature-induced transitions Irom a collapsed state to an expanded state 
in neat organic solvents. TTie gels networks may be opaque in the collapsed state 
and transparent in the ognnded state and the transition from the collapsed, opaque 
state to expanded, transparent state occurs because of a change ftom a lower to a 
higher temperature. See Examples 16-21. 

This tiiermoresponsive gel network may be formed in a manner similar to 
timt discussed above, e.g. . by deaerating a mixture of monomer and crosslinker and 
adding an initiator and/or initiator and promotor. 

K. ENCAPSULATION OF MATERIALS BY FORMATION OF NON- 
25 CROSSUNKED GELS 

The present invention further provides metiiods and compositions for 
encapsulation of materials tiirough tiie formation of non^rosslinked gels. In tfiis 
embodiment, a viscous fmi nonaqueous reactive material which is to be encapsulated 
is added to a solution containing a second nonaqueous material. Preferably, die first 
30 nonaqueous reactive material is added dropwise to die solution. TTie first ' 
nonaqueous reactive material is reactive with tiie second nonaqueous reactive 
material in such a manner that an encapsulation layer forms around tiie droplets of 



20 
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the first nonaqueous reaction material. In particular, an encapsulation layer forms 
as a result of the reaction product of the first and second non-aqueous reactive 
materials. The encapsulated materials may be recovered by filtration or another 
method of separation. In this manner, viscous materials such as isocyanates and 
5 mixtures of isocyanates having viscosities of about 900-10,000 cP may be 

encapsulated when added to a solution containing a multifunctional amine or the like. 

In a preferred embodiment, an additional or second encapsulation layer may 
be formed around the previously encapsulated materials such that double-walled 
encapsulated, non-crosslinked gels are formed thereby. This may be accomplished, 

10 for example, by immersing the encapsulated material in a second solution containing 
a third material. The third material forms a second layer of encapsulation around 
the previously encapsulated material. While not meant to be limiting, Examples 22- 
23 are illustrative of this embodiment of the invention. 

In another embodiment, an encapsulation layer is formed by placing the first 

IS nonaqueous reactive material in contact with a second material which forms an 
encapsulation layer without further reaction and without reaction with the first 
nonaqueous reactive material. In another embodiment, an encapsulation layer is 
formed by placing the first nonaqueous reactive material in contact with a second 
material which ^orms an enoqpsulation layer by reaction but without reaction with 

20 the first nonaqueous reactive material. A specific embodiment of this latter 
circumstance would be a second material which is photolytically induced to 
polymerize to form an encapsulation layer without reaction with the first nonaqueous 
reactive material. 



25 X. SIMULTANEOUS GELATION, GEL LOADING AND ENCAPSULATION 
The present invention also provides methods and compositions which are 
capable of simultaneous gelation, gel loading and encapsulation. In this 
embodiment, a monomer is combined with a first nonaqueous reactive material to 
form a blend. A crosslinker and initiator are preferably added to the blend and the 
30 entire mixture is introduced into a solution containing a second material. 

Upon addition of the blend to the solution, the monomer is polymerized and 
crosslinked, forming a gel loaded with the first nonaqueous reactive material. 
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Simultaneously with or substantiaUy simultaneous with the fonnation of the gel 
fonnation and gel loading, the second material in solution foms an encapsulation 
layer or coating around the loaded gel. Example 24 is illustrative of this 
embodiment of the invention. 
5 In one embodiment of this method, an encapsulation layer is formed by 

placing the gel loaded with the fust nonaqueous reactive material in contact with a 
second material which forms an encapsulation layer without further reaction and 
without reaction with the first nonaqueous reactive material. In another 
embodiment, an encapsulation layer is fonned by placing the gel loaded with the 
10 first nonaqueous reactive material in contact with a second material which forms an 
encapsulation layer by reaction but without reaction witii tiie fint nonaqueous 
reactive material. A specific embodiment of tiiis ktter circumstance would be a 
second material which is photolyticaUy induced to polymerize to form an 
encapsulation layer without reaction with the fmt nonaqueous reactive material 

15 

XI. SYNTHESIS OF SWOLLEN GEL BEADS IN SITU 

The present invention fiirtfier provides methods and compositions for the 
syntiiesis of gel beads in sim. In this embodiment, a monomer and fn^t nonaqueous 
reactive material are combined to form a blend. The blend is introduced into a 
20 fluid. Preferably, a crosslinker and initiator are added to tiie blend prior to 

intix)duction of tiie blend into tiie fluid. Preferably, tiie monomer, first nonaqueous 
reactive material, crosslinker and initiator are not soluble in tiie fluid. Upon 
addition of tiie blend into tiie fluid, the monomer undeigoes polymerization and 
crosslinking. Simultaneous witfi or substantiaUy simultaneous wifli tiie gel 

25 formation, at least a portion of the first reactive material is loaded into tiie gels. 
The loaded gels or beads are tiien placed in a solution containing a second material 
which is capable of forming an encapsulation layer around die loaded gels. In one 
embodiment of tiiis meUiod, tiie second material is reactive wifli tfie first nonaqueous 
reactive material and forms an encapsulation layer around tiie gel and fust 

30 nonaqueous reactive material. In anotiier embodiment of fliis method, an 

encapsulation layer is fonned by placing tiie gel loaded wifli flie fust nonaqueous 
reactive material in contact with a second material which fonns an encapsulation 
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layer without further reaction and without reaction with the first nonaqueous reactive 
material. In another embodiment, an encapsulation layer is formed by placing the 
gel loaded with the first nonaqueous reactive material in contact with a second 
material which form an encapsulation layer by reaction but without reaction with the 
5 first nonaqueous reactive material. A specific embodiment of this latter 
circumstance would be a second material which is photolytically induced to 
polymerize to form an encapsulation layer without reaction with the first nonaqueous 
reactive material. In another embodiment, the encapsulated gels formed by any of 
these prior embodiments are separated from the solution and placed in a liquid which 
10 causes a third material to precipitate on the surface of the gels, thereby forming an 
encapsulation layer around the gels. The liquid may then be evaporated or otherwise 
removed, thereby producing non-agglomerated dry beads or gels. 
See Example 25. 

In another embodiment of this method, a monomer arid first nonaqueous 

IS reactive material are combined to form a blend, preferably with a crosslinker and 
initiator. The monomer is caused to begin polymerization and crosslinking. The 
loaded gels or beads are then placed in a solution containing a second material which 
is capable of fonning an encapsulation layer around the loaded gels. In one 
embodiment of this method, an ^capsulation layer is formed by placing the gel 

20 loaded with the first nonaqueous reactive material in contact with a second material 
which forms an encapsulation layer without further reaction and without reaction 
with the first nonaqueous reactive material. In another embodiment, an 
^capsulation layer is formed by placing the gel loaded with the first nonaqueous 
reactive material in contact with a second material which form an encsqpsulation layer 

25 by reaction but without reaction with the first nonaqueous reactive material. A 
specific embodiment of this latter circumstance would be a second material which is 
photolytically induced to polymerize to form an encapsulation layer without reaction 
with the first nonaqueous reactive material. In another embodiment, the 
encapsulated gel formed by any of these prior embodiments are separated from the 

30 solution and placed in a liquid which causes a third material to precipitate on the 
surface of the gels, thereby forming an encapsulation layer around the gels. The 
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liquid may then be evaporated or otherwise removed, thereby producing non- 
agglomerated dry beads or gels. 

xn. unmiEs and appucations 

5 As previously discussed, the encapsulated gels of the present invention are 

suitable for storage and subsequent use in fonning a variety of useful products. 

For puiposes of iUustration only, encapsulated gels formed in the present 
invention may be used injection molding processes to apply a coating or a paint layer 
on the molded article while the article is still in the mold. 

10 A gel may be inserted in a spray gun, for example, and immersed in a Uquid 

capable of reacting witii the encapsulated first non-aqueous reactive material. 
Application of pressure by tiie spray gun compromises tiie integrity of the 
encapsulation layer of tiie gel, releasing the first non-aqueous reactive material and 
tiiereby initiating a reaction with tiie immereion liquid. 

15 One particular example is die use of isocyanate encapsulated within gels 

formed in acconlance witfi tiie present invention. The gels may be immersed in a 
polyol (which may contain dyes, additives and Uie like) and subsequentiy placed in 
a spray gun or the like. Upon appUcation of pressure by flie spray gun, die 

isocyanate is released and reacts witii tiie polyol to form a polyuretiiane. Thepoly- 
20 urctiiane is sprayed onto tiie molded article in tiie mold or on to some otiier sui^ce 
to the coated. 

In a similar manner, tiie encapsulated gels may be utilized as adhesives, 
sealants, laminating materials, electrical coatings and die like. Moreover, 
encapsulated multi-fonctiond amines released into and contacted witi^ 
25 epoxy precursors are particulariy useful for appUcations involving coatings and 
plastic encapsulants. The polymers produced possess excellent heat nsistances 
electeical characteristics and die abiHty to widistand extreme weather conditions. 

It should be appreciated tiiat die metiiods used to release die encapsulated 
non-aqueous reactive material and contact anodier non-encapsulated non-aqueous 
30 reactive material may vary depending on tiie particutar appHcation to be employed. 
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Xm. EXAMPLES 

Reaction of isocyanates can be qualitatively measured by observing the 
appearance and flow behavior of the isocyanate and/or the solution containing or in 
contact with the isocyanate. As an isocyanate reacts, its effective molecular weight 
5 increases so that it or the solution containing it becomes more viscous. If the 
isocyanate autopolymerizes, that also will cause it to increase in viscosity or, in 
some cases, to harden. 

Using these criteria, the viscosificatton or hardening of an isocyanate or 
isocyanate containing solution will indicate reaction of the isocyanate. Conversely, 
10 retention of the initial viscosity and flow properties of the isocyanate can be taken to 

indicate lack of polymerization reaction. These guidelines were used in evaluating 

I. 

the encapsulation of isocyanates in some of the following examples. 

EXAMFLEl 

15 (Encapsulation of an isocyanate in a poly (N,N-diaIlcylacrylamide) 

-based gel with a polyol). 

Encapsulation of poly(N,N-dialkylaciylamide)-based gels preswollen in 
isocyanates included: synthesizing, washing, and collapsing the gel followed by 
swelling in isocyanate, measurement of the effective swelling degree of the gel, and 
20 exposing the gel to a polyol to obtain a polyurethane layer on the outer surfaces of 
the gel particles. The encapsulated isocyanate subsequently was released by 
compromising the integrity of the polyurethane encapsulation layer. 
1.1 Gel Synthesis 

Exactty 0.73 ml (7 mmol) N,N-Dimetfiylaciylainide (Aldrich Corporation) 
25 and 21 ^1 di(ethylene glycol)bis(allyl carbonate) (DEGBAQ (Aldrich) were mixed 
with 9.2 ml dimethylsulfoxide (DMSO) (Aldrich) in a 20-ml vial. The nuxture was 
then sealed with a sleeve serum stopper. The solution was degassed by Nj-bubbling 
for 15 minutes. 100 ^1 of a solution of 15 mg/ml 2,2*-azobis(2-methylpropionitrile) 
(Eastman Kodak Company) in DMSO solution was then added to monomer the 
30 solution. The solution was then kept at 70°C for 20 hours resultmg in a transparent 
gel. 



wo 96/25457 PCTAJS96/02109 

-43- 

The gel prepared as set forth in 1.1 was sectioned into pieces of 
approximately millimeters in diameter and washed with excess acetone. The 
washing liquid was discarded and the gel was kept in, acetone for about 24 hours. 
The fuUy swollen gel then was washed with excess toluene and was allowed to 
5 collapse in toluene for 5 days. The collapsed gel was then placed in excess an 
isocyanate containing trimeric hexamethylene diisocyanate (in isocyanurate form- 
RHONE POULENC, HDTLC) at room temperature for about 24 hours. 
1.3 Measurement of Effective Swelling Degree 

Several of the gels swollen in the isocyanate were cleaned o excess surface 
10 fluid, weighed (W,), washed with excess acetone, and allowed to swell in excess 
acetone overnight. The swollen gel was dried at 100**C overnight and then weighed 
(Wj). The effective swelling degree: 

S=(W.-WJ/WaXlOO 
was measured to be 7(X)±1(X)%. 

15 1.4 Formation of Polyuretbane Encapsulation Layer Formation 

Gels swollen in trimeric hexamethylene diisocyanate (in isocyanurate form) 
were surface cleaned, weighed (W,), and placed into an excess mixture of an 
oligomeric product composed of the ester formed from adipic acid and 1,4 
cyclohexane dimethanol (POLYOL) and dibutyltin dilaurate catalyst (1 weight%). 

20 An oligomeric product composed of the ester formed from adq)ic acid and 1,4 
cyclohexane dimethanol is available from KINJ Industry (K-FUSX188). Dibutyltm 
dilaurate is available from Aldrich Corporation. The mixture was kept in a sealed 
vial at room temperature and periodically checked until the polyol solution began to 
harden. The encapsulated gel was taken out of the polyol/catalyst mixture, surface 

25 cleaned, weighed (Wj), and placed into a fresh mixture of an oligomeric pioduct 
composed of the ester fonned ftom adipic acid and 1,4 cyclohexane dimethanol and 
dibutyltin dilaurate (1 w%). The weight gain: 

WG=( W2-W,)/W,xl00 
was measured to be 10-15%. The encapsulated gels were allowed to remain in the 

30 polyol/catalyst nuxturc in a sealed vial at room temperature and periodically shaken 
for 7 days. No hardening of the liquid surrounding the gels was observed. 
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EXAMPLE2 

A poly (N,N-dialkylacrylamide)-based gel swollen with an isocyanate 
containing trimeric hexamethylene diisocyanate (in isocyanurate form) was prepared 
as set forth above in steps 1.1 to 1.3. The swollen gels were surface cleaned, 
5 weighed (W,), and briefly (for 2-3 seconds) placed into an excess of poly(propylene 
glycol)bis(2-aminopropyl ether) ("PPGBAE") having an average molecular weight of 
230. PPGBAE is available from Aldrich Corporation. The gels were then removed 
and contacted with an isocyanate (HDTLV RHONE POULENC) for about 2-3 
seconds. Formation of a polyurea layer around each particle was immediate. The 

10 gels were again contacted with PPGBAE and isocyanate and then the encapsulated 
gels were placed into a sealed vial at room temperature overnight in order to 
complete formation of the polyurea layer. The encapsulated gels were weighted 
(Wj) and placed into the mixture of an oligoraeric product composed of the ester 
formed from adipic acid and 1,4 cyclohexane dimethanol and dibutyltin dilaurate (1 

15 w%). The weight gain: 

WG=( W2-W),/Wixl00 
was measured to be 50-70%. The encapsulated gels were placed in the 
polyol/catalyst mixture in a sealed vial at room temperature and periodically checked 
for 7 days. No hardening of the liquid surrounding the gel particles was observed. 

20 

EXAMPLES 

Non-encapsulated gels were swollen in isocyanate containing trimeric 
hexamethylene diisocyanate (in isocyanurate form) as described above in Example 1. 
These gels were then placed into a mixture of an oligomeric product composed of 

25 the ester foimed from adq>ic acid and 1,4 cyclohexane dimethanol and dibutyltin 
dilaurate (1 w%) and kept in a sealed vial at room temperature and periodically 
shaken. Hardening of the polyol/catalyst mixture surrounding the gels was observed 
within about 3-4 hours. 

An isocyanate containing trimeric hexamethylene diisocyanate (in 

30 isocyanurate form) was added dropwise into the mixture of an oligomeric product 
composed of the ester formed from adipic acid and 1,4 cyclohexane dimethanol and 
dibutyltin dilaurate (1 w%) and the solution was kept in a sealed vial at room 
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temperature and periodically checked. Hardening of the entire solution was 
completed within 1-2 houis. 



10 



15 



20 



3.1 Tagging lYocedure for Monitoring Isocyanate Release by UV/Visible 
Spectroscopy. 

A 1 ml solution of 0.42 g/ml Phenol Red (Aldrich) in DMSO was mixed with 
138 g an isocyanate containing trimeric hexamethylene diisocyanate in isocyanurate 
form to give 3 mg/g solution. Phenol Red is hereinafter referred to as "dye". 
Control tests showed that DMSO is an exceUent solvent for the dye. 

The dye-in-isocyanate solution was shaken and kept at 70*»C for 3 days. ITie 
unreacted dye was allowed to setfle, and the UV/visible spectra of colored 
isocyanates were recorded. (Shimadzu UV-16012, Quartz Cuvets, 1.0 cm path 
length). 

As shown in Table 1 and Kg. 2, the absoibance spectra of the tagged isocyanate 
revealed X_378 mn, A„,0.78. (see Table 1 - X^=376 at Amax = 0.78). In 
contrast, the absoibance spectra of the dye in DMSO without isocyanate added 
revealed X^406 mn. A^O.79. («e Table 2 and Fig. 3). The observed 30 mn shift 
indicates significant pertuibance of the electronic environment of the dye and 
suggests that the dye-isocyanate reaction took place. 



Table 1. Absoibance spectra of the tagged isocyanate (dilution by DMSO) 





No. 


Dilution, times 


1 \B„,imi 






1 




398 


>3 


25 


2 


2 


401 


>3 




3 


5 


378 


>2 




4 


15 




376 


0.78 


r 


Fable 2. Absoibance qiectra of the Dye in DMSO. 




30 


No. 


Dye concentration 
mg/g 


X^...iun 






1 


3 


449 


>3 
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2 


1 


454 


>3 


3 


0.5 


416 


>3 


4 


0.2 


410 


>2 


5 


0.03 


406 


0.79 



3.2 Solvent-Triggered Release of the Tagged Isocyanate as Demonstrated by 
UV/Visible Spectroscopy 

PolyCdim^ylaciylamide) gel (1.2 mol% ciosslinking by 
10 methylenebis(aciylamide)) was allowed to swell in a tagged isocyanate solution 
containing trimeric hracamethylene diisocyanate (in isocyanurate fonn) for 2 days. 
The gel swoUot in the tagged isocyanate was placed in an excess mixture of an 
oligomeric product composed of the ester formed from adipic acid and 1,4 
cyclohexane dimethanol and dibutyltin dilaurate (catalyst, 1 w%). The mixture was 
15 kept in a sealed vial at room temperature and periodically checked until the polyol 
solution began to harden. The encapsulated gels were removed from the 
polyol/catalyst mixture, surface cleaned, and placed into a fresh mixture of an 
oligomeric product composed of the ester formed from ad^ic acid and 1, 4 
cyclohexane dimethanol and dibutyltin dilaurate (1 w%), TTie encapsulated gels 
20 were left in the polyo^catalyst nuxture in a sealed vial at room temperature and 
periodicaUy checked for 2 days. No hardening of the fiquid sunounding the gels or 
release of yellow Color into the polyol surrounding the gels was observed. This 
suggests that the encapsulation layer provided an effective baiiier for the gels in the 
polyol solution. 

25 Several enc^sulated gels were then taken out of the nuxture and placed in 

excess dried acetone. Swelling of the gels, followed by the release of a 
yellow/orange colored compound within 2-3 hours was observed. As illustrated in 
Fig. 4, the released compound possessed maximum absoibance at 374 ran in the 
electronic spectnim, ther^y indicating that the released compound was essentially 

30 the dye-tagged isocyanate (compare widi the spectnim of the tagged isocyanate with 
Ka, nm at 376 nm). Reactivity of the released species was confirmed by addition 
of poly(propylene glycol)bis(2-aminopropyl eUier) (available from Aldrich 
Coiporation as JEFFAMINE' D-230) into the acetone fraction which contained the 
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released dye-colored isocyanate. Upon addition of JEFFAMINE' D-230. the 
solution turned violet and relevant peaks in the electronic spectrum were observed: 
>w, nm at 576 and 416 as shown in Rg. 5. 

3.3 Solvent Triggered Release of the Gel-Encapsulated Isocyanate as 
Demonstrated by FITR. 

Poly (dimethylacrylamide) gel (1.2 mol% crosslinking by 
methylenebis(aciylamide)) was allowed to absorb tagged isocyanate containing 
trimeric hexamethylene diisocyanate (in isocyanurate form) for 15 days. Several of 
the gel particles swoUen in the tagged isocyanate were placed into an excess mixture 
of an oligomeric product composed of the ester formed from adipic acid and 1,4 
cyclohexane dimethanol and dibutyWn dilaurate (catalyst, 1 w%). TTie mixture was 
kept in a sealed vial at room temperature and peiiodicaUy checked until the polyol 
solution began to harden. 

15 Approximately 1.2 g of encapsulated gels were removed from tfie 

pol^I/catalyst mixture, surfoce cleaned, and placed into tiie mixture of an 
oUgomeric product composed of tiie ester formed from adipic acid and 1, 4 
cyclohexane dimethanol and dibutyltin dilaurate (1 wt%). The encapsulated gels 
remained in tiie polyol/catalyst mixture in a sealed vial at rx)om temperature and 

20 were periodically checked for a day. Hardening of the liquid surrounding tiie gel 
particles was not observed, indicating tiiat tiie encapsulation layer provided an 
effective barrier for tiie gel in tiie polyol solution. 

Several of tiie encapsulated gels were tiien taken out of tiie mixture and 
placed into 4 ml of anhydrous tetnihydrofiiran (IHF). Swelling of gels was 

25 observed witiiin 3 days. The FHR j^jectrum of tiie released compound inlHF 
revealed tiie presence of intact isocyanate component as shown by peaks at 
approximately 2270 cm-' in Hg. 6. 



30 



3.4 Ftolyiirethane Fonnation Umiugh Shear Triggered Release 

PoIy(dimetiiylacrylamide) gel (1.2 mol% crosslinking by 
methylenebis(acrylamide)) was aUowed to absorb colored isocyanate containing 
trimeric hexametiiylene diisocyanate (in isocyanurate form) in metiiyl etiiyl ketone 
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(1:1 v/v) for 2 days. The methyl ethyl ketone then was removed from the gels by 
vacuum stripping such that colored isocyanate remained in the gels. The gels 
swollen in the colored isocyanate were placed into an excess mixture of an 
oligomeric product composed of the ester formed from adipic acid and 1,4 
5 cyclohexane dimethanol and dibutyltin dilaurate (catalyst, 1 wt%). The mixture was 
kept in a sealed vial at room temperature and periodically agitated until the polyol 
solution began to harden. The encapsulated gels were removed ftom the 
polyol/catalyst mixture, surface cleaned, weighed, and placed into the mixture of an 
oligomeric product composed of the ester fonned from adipic acid and 1,4 
10 cyclohexane dimethanol and dibutyltin dilaurate (1 wt%). The encjpsulated gels 
were allowed to stay in the polyol/catalyst mixture in a sealed vial at room 
temi)erature and periodically agitated for 24 hours. Hardening of the liquid 
surrounding the gel particles was not observed, indicating that the encapsulation 
layer had fonned. 

15 Several of the encapsulated gels were then taken out of the mixture and 

placed into a pipe with a needle valve on the downstream side. Upon application of 
air pressure {^45 PSIG), gel particles were tran^rted across the shear zone of the 
valve, to produce small gel pieces at the oudet. The broken gel particles quickly 
hardened at 60**C which confirmed the reactivity of the isocyanate exposed to the gel 

20 surface. 

EXAMPLE4 

In this example, an isocyanate is swollen in a poly(etbyl acrylate)-based gel 
and encapsulated with polyol, followed by triggered release of fiilly non-aqueous 
25 reactive isocyanate. 
4.1 Gel Synthesis 

A mfacture of 5.0 ml (46.1 mmol) ethyl acrylate (EtAc, monomer), and 50 ^1 
of 0.0226 ml/ml solution of ethylene glycol dimethacrylate (EGDMA, 5.99 /^mol, 
crosslinker) in dimethylsulfoxide (DMSO) was deaerated by bubbling for about 
30 0.5 hours. Approximately 100 ^1 of freshly prq)arBd solution of 100 mg/ml benzoyl 
peroxide in ethyl acrylate was added, and the resulting solution was stirred and 
maintained at 70^C. Polymerization was observed after approximately 2 hours, 
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however, the solution was the foiming polymer was allowed to stay at TO^C 
overnight. The fomation of a crosslinked polymeric gel network was completed 
within a day at TO^C. 
4.2 Isocyanate Loading 
5 A cube-shaped piece of the gel network produced above in Section 4.1 (98 g 

dry weight) was placed into an excess mbcture of 1 g of trimeric hexamethylene 
diisocyanate (in the isocyanurate form) per 1 ml of THF. The gel was aUowed to 
sweU in the mixture for 5 days at room temperature. The weight of the swoUen gel 
was measured to be 958 mg, or. a total uptake of 877%. TTie swollen gel was dried 
10 under high vacuum for 3 hours. The weight of the dried gel was measured to be 
315 mg such that the isocyanate uptate was about 220%. 
43 Gel Encapsulation 

The gels swollen with isocyanate as in Section 4.2 were placed into a vial 
containing an excess of an oligomeric product composed of the ester formed from 
15 adipic acid and 1 ,4 cyclohexane dimethanol and dibutyltin dilaurate (1 w % in polyol) 
for 4 hours at room temperature. We observed signs of hardening of the Kquid 
surrounding the gels. After encapsulation, we observed a transparent viscous 
polymeric fflm around each gel. Encapsulated gels were removed from the 
polyol/catalyst mbcture and placed into a separate vial containing a fresh 
20 polyol/catalyst mixture. No signs of hardening of the polyoVcatalyst mixture 
contacting the encapsulated gels were observed over a period of one month and 
longer, thereby evidencing encapsulation efficiency. 
4.4 Test of Active Isocyanate Released from Encapsulated Gel 

Encapsulated gels (see Section 4.3) were weighed and placed into dry THF in 
25 such a way that the gels constituted a suspension of 40 mg of gel per 1 ml of THF. 
•Die gels in the IHF were constantiy agitated for about 3 hours. The gels exhibited 
significant swelling. 

THF solutions surrounding the gels were analyzed by means of FDR on a 
Peridn-Etaier Model 1620 spectrometer applying AgBr crystals. As shown in Fig. 
30 7, we observed a peak at 2270 cm ' (-N=C=0 vibrations), which is very strong 
evidence of umeacted isocyanate present in tiie solution. 
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ENCAPSULATION OF MULTIFUNCTIONAL AMINES INTO GELS 
FOLLOWED BY TRIGGERED RELEASE OF AMINES 

Reactions between di- or triamines and multifunctional (typically, di- or 
5 trifunctional) epoxy compounds represent the type of non-aqueous reactive chemistry 
widely used in the coating industry, for plastic encapsulants, and the like. 

EXAMPLES 
5.1 Gel Swelling and Encapsulation 

10 In this example, poly (propylene glycol)bis(2-aminopropyl ether) having the 

following formula: 

CH3CH(NHj)CH2[OCH2CH(CH3)]„NH2^ (1) 
was utilized to illustrate encapsulation of a diamine. N,N'Dimethylacrylamide 
(DMAAm), -based gels and N- isopropylacrylamide (NIPA)-based gels were 

IS prepared using conventional methods with various crosslinkers such as: 

raethylenebis(acrylamide) (bis), magnesium methacrylatie (MgMAj), and di(ethylene 
glycol)bis(allyl caibonate) (DEGBAC). DMAAm-based gels were synthesized in 
DMSO, washed with acetone and collapsed with toluene. NIPA-based gels were 
synthesized in water and then dried. Examples of swelling of different gels for 2 

20 days in compound (1) are shown in Table 3. Diamine uptake was estimated using 
the formula: 

Uptake, %«(W,-Wa)/WaM0O, 
where W., mg is the weight of the swollen gel, and W<i, mg is the weight of dry 
polymer obtained by extracting the diamine from the gel by excess acetone followed 
25 by drying the gel at 70 ^C for about 12 hours. 



Tables. Diamine Uptake b; 


i Gels 


1 Sample 


Weight dry, 
mg 


Weight swollen, 
mg 


Uptake 
% 


DMAAm gel crosslinked 
by DEGBAC 


4,3 
5,6 

5.1 


140 
166 

170 


3160 
2860 

3230 
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15 



DMAAm gel crossUnked 
by MgMAj 


4.4 


198 


4400 


DMAAm gel crosslinked 
by bis 


5.0 
6.6 


107 
158 


2040 
2290 


NIPA gel crosslinked by 
bis 


12 


143 


1090 



Gel particles swollen in the diamine were placed into trimeric hexamethylene 
diisocyanate for 10-15 seconds and then quickly lemoved and placed into a fresh 
10 aliquot of diamine wheie a whitish viscous polyurea layer fonned immediately 
around each of the gel particles. Depending on thickness of the polyurea layer 
desired, the process of placing particles into isocyanate and diamine may be repeated 
to thicken the polyurea layer an>und the particles. TTie encapsulated gels were 
removed from the liquid and kq,t in air oveniight where the encapsulating polyurea 
layer hardened. Examples of encapsulation of various gel systems resulting in a 
weight gain by gels are shown in Table 4. 



Table 4. Weight Gain of Gels Resulting from 





Sample 


Weight, swollen 
in diamine, mg 


Weight, swollen and 
then encapsulated, mg 


Weight gain, 
% 


20 


DMAAm gel crosslinked 
by DEGBAC 


125 


230 


83 




DMAAm gel crosslinked 
by bis 


105 


167 


59 


25 


NIPA gel crosslinked by 
bis 


66 


117 


77 



5.2 Encapsulation Test 

The encapsulated gels fonned in Section 5.1 were then tested to detennine 
whether the encapsulation procedure effectively prevented release of diamine into 
30 non-aqueous reactive mixtures. Encapsulated gels were introduced into an epoxy 
solution, N,N-diglycidyl-4-glycidyloxyaniline, at 20<»C. N.N-diglycidyl-4- 

glycidyloxyaniline is available commercially from AldrichCoiporation. We 
observed hardening of the resulting mixture within 1-2 hours. In the control 
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experiments without any gel, the diamine and epoxy cx)mpound were quickly mixed 
and complete hardening of the mixture was observed within 20-30 minutes. 
5.3 Test of Solvent-Triggered Release of Diamine from Encapsulated Gels 
The following test was conducted in order to ensure proper release of the 
5 diamine encapsulated in the gels prepared according to Section S.l, and to establish 
the capability of the diamine to polymerize upon swelling and be released from the 
gel upon contact with acetone. Acetone is a swelling agent for DMAAm. 
Enc^sulated gels were kept in anhydrous acetone for 2 days at 20^C. The gel 
systems utilized for this test are shown in Table 5. 



Table 5, Gel Systems Used in Testing of Solvent-Triggered Release of the Diamine 



II ^ 
1 


Sample 


Weight of 
mc^sulated gel, 
'tag 


Volume of diy acetone | 
added, i 
ml 


1 


DMAAm gel crosslinked 
by DEGBAC 


126 


3 


2 


DMAAm gel crosslinked 
by bis 


98 


3 




NIPA gel crosslinked by 
bis 


164 


3 





Following disniption of the encapsulation layer by swelling in acetone for 2 
days, 1 ml of the solution surrounding the gels was withdrawn and placed into 2 ml 
20 of an epoxy compound (as in S.2) at 20^C. Complete hardening of the mbctuie was 
observed overnight. In the control e^riments without any gel, 1 ml of dry acetone 
was placed into 2 ml of epoxy compound at 20^C. No complete hardening of the 
mixture was observed overnight. 

25 ENCAPSULATION OF CATALYSTS INTO GELS 

FOLLOWED BY TRIGGERED RELEASE OF CATALYSTS 

EXAMPLE 6 

In this example, a catalyst was encapsulated in a gel and then, the catalyst 
30 was released into a reactive medium in order to induce a polymerization reaction. 
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6.1 Gel Swelling and Encapsulation 

Dibutyltin dilaurate having tlie following formula: 

[CH3(CHj),oCOJjSn[(CHj)3CH3]j (2) 
is widely used as a catalyst for elastomeric processing by reaction injection molding 
5 for automobile fascia, bumpers, body panels and the like. Dimethylaciylamide 
(DMAAm)-based and N-isopropylaciylamide (NIPA)-based gels were prepared using 
various crosslinkers, including methylenebis(acrylamide) (bis), magnesium 
methacrylate (MgMAj), and di(ethylene glycol)bis(allyl carbonate) (DEGBAC). 
DMAAm-based gels were synthesized in DMSO, washed with acetone and collapsed 
10 by toluene. NIPA gels were synthesized in water and then dried. A cellular 
material consisting of polyurethane foam, was also tested to determine catalyst 
uptake. Examples of swelling for 3 days of different gels and foam are iUustrated in 
Table 6. Catalyst uptake was estimated using the formula 

Uptake, %=(W,-WJAV/100, 
15 where W. (mg), is the weight of the swollen gel, and Wj (mg), is the weight of dry 
polymer obtained by extracting the catalyst from the gel using excess acetone 
followed by drying the gel at 70"C for about 12 hours. 



Table 6. Catalyst Uptake by Gels and a Foam 



20 



Sample 


Weight dry, mg 


Weight swollen, 
mg 


Uptake 
% 


DMAAm gel crosslinked by 
DEGBAC 


7.9 
7.8 
46 


32 
28 
180 


310 
250 
290 


DMAAm gel crosslinked by 
MgMA, 


13 

6.2 


39 

22 


200 
250 


DMAAm gel crosslinked by bis 


50 


150 


190 




42 


130 


210 


NIPA gel crosslinked by bis 


14 


35 


150 




7.5 


23 


210 


Polyurethane foam 


17 


110 


550 




21 


150 


610 1 
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Either the gel or the foam swollen in the catalyst were then placed into 
trimeric hexamethylene diisocyanate for 10-15 seconds and then quickly taken out 
and placed into poly(propylene glycol)bis(2-aminopropyl ether) having the formula: 
ai3CH(NH2)CH2[OCH2CH(CH3)]JJH2^ (3) 

5 where a whitish viscous polyurea layer formed immediately around the gel or foam 
particles. Depending on the thickness of the polyurea layer desired, the process of 
placing particles into isocyanate and diamine may be rq)eated to thicken the polyui^ 
layer. The encapsulated materials were removed from the liquid and kept in air 
overnight where the encapsulating polyurea layer hardened. Weight gain by the gels 

10 are shown in Table 7. 



Table 7, Weight Gain of Gels Resulting From Encapsulation 



Sample 


Weight, swolloi 
in catalyst, mg 


Weight, swollen and 
then encapsulated, mg 


Weight gain, 
% 


DMAAm gel crosslinked 
by DEGB AC 


260 


450 


73 


DMAAm gd crosslinked 
by bis 


140 


230 


64 


NIPA gel crosslinked by 
bis 


110 


160 


45 



6.2 Encapsulation Test 

In order to determine whether the encapsulation procedure described in 
Section 6.1 effectively prevented the release of catalyst mto reactive mixtures, the 
following test was conducted. Encapsulated gels containing catalyst were added into 

25 an oligomeric product composed of the ester formed from adipic acid and 1, 4 
cyclohexane dimethanol. Then, an isocyanate containing trimeric hexamethylene 
diisocyanate (in isocyanurate form) then was quickly added. The resulting matures 
originaUy at about 20°C were immediately placed into 60°C oven where hardening of 
the liquid surrounding the encapsulated gels was monitored. Hie results of the 

30 encapsulation test are shown in Table 8. rq)resrats complete hardening which 
manifests polymerization of isocyanate/polyol mixture within 5.0 min at 60^C, 
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represents the absence of observed changes in the polyol/isocyanate mixture under 
identical conditions. 



Table 8. Results of Encapsulation Test 



Sample 


Weight of 
encapsulate 
dgel, 
mg 


Weight of 
polyol, 

e 


Weight of 
isocyanate, 

e 


Result 1 


DMAAm gel 
crosslinked by DEGBAC 


ISO 


2.8 






DMAAm gel crosslinked 
by bis 


236 


ll 


2.5 




NEPA gel crosslinked by 
bis 


160 


3.6 


10 




Control 1 




4.4 


2.8 




Control 2 




18 
40 mg 
catalvst 
added 


2.6 


+ 



10 



15 



20 



6.3 Test of Solvent-Triggered Release of Catalyst from Encapsulated Gel 

ITus experiment demonstrated tbat the release of the catalyst encapsulated in 
the gels piqiared according to Section 6.1 would be capable of inducing 
polymerization upon solvent (acetone) triggered retease of the catalyst. Encapsulated 

gels were kq)t in diy acetone for 18 hours at 20-C. TTie gel systems used for this 
test are given in Table 9. 



Table 9. Gel Systems 



25 



ID 
No. 



Used in Testing of Solvent-Triggered Release of the Cata lyst 

Weight of 



Sample 



J->MAAm gel 
crosslinked by 
DEGBAC 



DMAAm gel 
crosslinked by bis 



encapsulated gel, 
mg 



T35" 



Volume of 
dry acetone 
added, 
ml 



NIPAgel 
crosslinked by bis 



i2r 
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FoUowing swelling of the gels in acetone for 18 hours, 1 ml of the solution 
surrounding the gels was withdrawn and placed into an oligomeric product composed 
of the ester formed from adipic acid and 1 , 4 cyclohexane dimethanol. An 
isocyanate was then added as shown in Table 10. The resulting mixtures were 
5 quickly stirred and immediately placed into an oven at 60°C where hardening of the 
liquid surrounding the encapsulated gels was monitored. The results of the release 
test are shown in Table 10. " + " represents complete hardening which manifests 
polymerization of isocyanate/polyol/acetone mixture within 5.0 min at 60**C. 
represents the absence of the viscosity increase in the polyol/isocyanate/acetone 
10 mixture under identical conditions. 



Table 10. Results of Testing of Solvent-Triggered Release of the Catalyst from 
Encapsulated Gels 



II Acetone component 


Weight of polyol, 
g 


Weight of 
isocyanate, 

g 


Result 


ID No. 1 (Table 4), 
1 ml 


1.3 


2.4 


+ 


ID No. i (Table 4), 
1 ml 


2.1 


i.i> 


+ 


ID No. 3 (Table 4), 
1 nd 


i.2 


2.4 


+ 


Dry ac^ne, 1 ml, 
20 mp catalvst 
added 
(Control 1) 


1.9 


1.7 


+ 


Dry acetone, 1 ml, 
(Control 2) 


1.9 


2.5 





6.4 Shear-Triggered Catalyst Release from Encapsulated Gel 

Encapsulated gels particles were sheared into smaller particles and 

30 immediately placed into a an oligomeric product composed of the ester formed from 
adipic acid and 1, 4 cyclohexane dimethanol. Isocyanate was then added. The 
resulting mixtures were quickly stirred and immediately placed into an oven at 60^C 
where hardening of the liquid surrounding the encapsulated gels was monitoxed. 
The results of the release test axe illustrated in Table 11. represents complete 

35 hardening which manifests polymerization of isocyanate/polyol mixture within S.O 
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min at 60"C. "-" Tepresents the absence of the viscosity increase in the 
polyol/isocyanate mixture under identical conditions (1:1 w/w) mixture at 60 'C. 





Table 11. Shear- 


Triggered Release of Catalyst From Encapsulated Gels 


5 


Sample 


Weight of 
encapsulated 

gel, mg 


Weight of 
polyol, 
g 


Weight of 
isocyanate 
g 


Result 


1 A 
10 


DMAAm/DEG 
BAC gel 
mechanically 
sectioned 


180 


3.5 


2.2 




DMAAm/bis 
gel 

mechanically 
sectioned 


250 


4.3 


2.6 


+ 


15 


NIPA/bis gel 
mechanically 
sectioned 


220 


2.7 


1.6 


+ 


20 


Intact 

DMAAm/DEG 
BAC gel 
(Control) 


330 

1 


1.9 


2.2 
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GELS CAPABLE Ot SWELLING IN HIGHLY 
REACTIVE ORGANIC COMPOUNDS 
EXAMPLE? 

A mixture of 10 mL (97 mmol) dimethylaciylamide (DMAAm, monomer) 

and a specified amount of ethylene glycol dimethaoylate (BGDMA, crosslinker) was 

deaerated by N, bubbling for 0.5 houn. Then, 100 ^1 of fleshly prepared 80 mg/ml 

solution of 2,2',-azobis (2-methylpropipnitrile) (initiator) in DMAAm was added. 

30 The solution was stiired and placed into a bath at 70»C. Polymerization with 

liberating heat was observed within 1-2 hours. Polymer gel samples were slowly 

cooled down to room temperature and kept in sealed vials. Data on swelling of 

polymer gel samples having various degrees of crosslinldng are illustrated in Tables 

12 and 13. SweUing e^rimraits were ran for 2 days at room temperature. 

35 Table 12. Swelling of Poly(dimethylaciylamide) in 1,6-Diisocyanatohexane 
(HMDI). 
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Polymer 
irEction imo. 


liCiDMA/DMA 

Am 

Am 

molar ratio 


Weight dry, 
mg 


Weight 
swollen, mg 


Uptake % 


1 


No crosslinker 


93 


dissolution 




2 


1:2000 


101 


790 


680 


3 


1:1000 


150 


1290 


760 


4 


1:667 


69 


560 


710 


5 


1:500 


46 


360 


680 



Table 13. Swelling of Poly(dimethylacrylamide) in Poly(pn)pylene glycol)bis(2- 
10 aminopropyl ether) (PPGBAE, JEFFAAflNE* I>-230). 



Polymer Gel 
fraction No. 


EGDMA/DMA 
Am 
molar ratio 


Weight diy, 
mg 


Weight 
swollen, mg 


Uptake, % 


1 


No crosslinker 


38 


dissolution 




i 


1:2000 




250 


120 




1:1000 


85 


230 


170 


4 , 


1:667 


ii 


1$0 


140 


5 


1:^00 


00 


200 


190 
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20 EXAMPLES 

A mixture of lO mL (97 mmol) dimethylaciylamide (DMAAm, monomer) 
and 30 nL (146 fitaol) ethylene glycol dimethaciylate (EGDMA,ciossIinker) was 
deaerated by N} bubbling for 0.5 hours. Then, 50 ftL of freshly prqnred 300 
mg/ml solution of ammonium persul&te (initiator) and 10 v/v% N,N,N*,N',- 

25 tetnunethylethylenediamine 0>n>motBr) in dried dimethylsulfoxide were added. The 
solution was stirred and placed into a refiigerator at S'C. Polymerization was 
observed ofvemight. Data on swelling of the resulting polymer gels are shown in 
Table 14. Swelling experiments were conducted for 2 days at room temperature. 



30 



Table 14. Swelling of Poly(diniethylacrylamide) in Poly(propylene glycol)bis(2- 
aminopropyl ether) (PPGBAE^, 1,6-Diisocyanatohexane (HMDI), and Dibutyltin 
dilaurate (DBTDL). 



Swelling agent 


Weight diy,mg 


Weight swollen, mg 


Uptake, % 


HMDI 


107 


730 


580 


PP6BAb 


180 


460 


160 


DBTDL 


120 


140 


17 



35 
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EXAMPLE9 

A mixture of 5 mL (35 mmol) diethylaciylamide (DEAAm, monomer) and 15 
fiL (73 nmol) ethylene glycol dimethacrylate (EGDMA,crosslinker) was deaerated 
by Nj bubbling for 0.5 hours. Then, 30 /xl of freshly prepared 300 mg/ml solution 
of ammonium persulfate (initiator) and 10 v/v% N,N,N',N',- 
tetramethylethylenediamine (promoter) in dried dimethylsulfoxide were added. He 
solution was stirred and placed into a refrigerator at 3»C. Polymerization was 
observed overnight. Dala on swelling of the resulting polymer gel samples are 
illustrated in Table 15. Swelling experiments were conducted for 2 days at room 
tonperature. 



Table 15. Swelling of Poly(diethylaciylamide) in Poly(propylene glycol)bis(2- 
ammopropyl ether) (PPGBAE), 1,6-Diisocyanatohexane (HMDI), and Dibutyltin 
dilaurate (DBTDL). ^ 



1 Swelling agent 


Weight dry, 
mg 


Weight swollen, mg 


Uptake, % 


1 HMDI 


90 


880 


790 


1 PPGBAE 


46 


m 




1 DBTDL 


lUO 


240 


140 



15 



20 



30 



EXAMPLE 10 

Dimethylaciylamide (DMAAm; monomer) as a volume of 10 mL (97 mmol) 
was deaerated by N, bubbling for 0.5 hour. Then, 0.3 mL of ethylene glycol 
25 dimethacrylate (EGDMA,crosslinker) saturated by benzoyl peroxide was added. ITie 
mixture was stirred quickly and foUowing addition of 15 fth of N.N.N N - 
tetramethylethylenediamine (promoter) was added, and the solution was kept a 3"C. 
Gelation was observed within 10-15 minutes. Polymerization was aUowed to 
continue overnight at room temperature. 

A transparent, homogeneous gel was fonned and easily crushed into smaU 
pieces by stirring. Microscopic investigation showed the presence of small particles 
of irregular shape (i.e. effective size 20 microns and smaller). The data on Uie 
swelling of tiie gels are reported in Table 16, 
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Table 16. Swelling of Poly DMAAm/EGDMA Gel for 2 days in Adipoyl Chloride 
(ACI) and 1,6-Diisocyanatohexane (HMDI), at 20'C. 



Swelling agent 


Weight dry, mg 


Weight swollen, mg 


Uptake, % 


ACI 


32 


83 


160 


HMDI 


42 


160 


280 1 



EXAMPLE 11 

A mixture of S.O ml (46.1 mmol) ethyl acrylate (EtAc, monomer) and 50 fil 
10 of 0.0226 ml/ml solution of ethylene glycol dimethaciylate (EGDMA, 5.99 |*mol; 
crosslinker) in dimethylsulfoxide was deaerated by Nj bubbling for 0.5 hours. Then, 
100 ^1 of freshly prepared solution of 100 mg/ml benzoyl peroxide in ethyl acrylate 
was added. The solution was stirred and allowed to stay at TO^'C overnight until 
formation of a soft polymeric gel netwoilc was completed. Data on swelling of the 
15 gel in PI, HDMI and PPGBAE are illustrated in Table 17. 



Table 17. Swelling of PolyEtAc/EGDMA Gel for 2 days in Phenyl Isocyanate (PI), 
1,6-Diisocyanatohexane (HMDI), Poly(propylene glycol)bis(2-aminopropyl ether) 
(PPGBAE) at 20*C. 



1 Swelling agent 


Weight diy, mg 


Weight swollen, mg 


Uptake, % 


1 " 


140 


2700 


1830 


1 HMDI 


74 


1010 


1260 


{ PPGBAE 


134 


1240 


82S 



25 EXAMPLE 12 

Two polymers were tested for swelling behavior in isocyanate. The first was 
polystyrene which was obtained commercially from Aldrich. Polystyrene did not 
swell in isocyanate. The second polymer was styrcne-vinyl pyridine copolymer gel. 
The gel was prepared as follows: 1.07 ml 4-vmyl pyridine, 440 fil styrene, 86 nl 

30 divinyl benzene and 4 mg AIBN were mixed in 10 ml DMF. The solution was 
degassed by running through nitrogen for about 10 minutes. The prc-gel solution 
was put at 70^C for overnight to obtain strong clear gel with light yellow color. A 
piece of this copolymer gel was put in toluene, the gel collapsed and became 
completely opaque. Tlien the gel piece was put in isocyanate, and the gel swelled 
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and became clear. This process was reversed within short period of time, i.e., a 
clear swollen gel in isocyanate was collapsed in toluene and became opaque, the 
same piece of gel was put back in isocyanate and it sweUed and became clear again. 
After one day, the gel swoUen in isocyanate haidened (and still remained clear). 
5 Presumably, the pyridine groups catalyzed a polymerization reaction of isocyanate. 

ENCAPSULATION OF REACTIVE CHEMICALS INTO LYOGELS 
In Examples 13-15, encapsulated lyogels arc swollen with non-aqueous 
reactive chemicals which arc capable of holding the rcactive chemicals intact upon 
10 prolonged contact wifli aqueous solutions. This is presumed to be due to die 
hydrophobic pn^rties of die encapsulating layer. 



15 



EXAMPLE 13 

13.1 Gel Synthesis 

A mixture of 3.05 g (24 mmol) diethylaciylamide (DEAAm, monomer) and 
55 tiL (0.29 mmol) ethylene glycol dimethaciylate (EGDMA, crosslinker) was 
deaerated by N, bubbling for 0.5 hours. Then, 20 ^ of fieshly prepared saturated 
solution of ammonium persulfate fmitiator) in dried dimethylsulfoxide and 10 /»L 
N.N,N',N'.-tetnimethylethylenediamine (promoter) were added. The solution was 
20 stirred and allowed to stay at room temperature overnight producing a transparem 
polymeric netwoik. Then, die solution was heated to 70«C where polymerization 
was completed witiiin 2 hours. 
13^ Isocyanate Loading 

A cube-shaped piece of poIyDEAAm gel (diy weight 258 mg) was contacted 
25 with an excess mixture of 0.2 g of trimeric hexameUiylene dusocyanate in die 
isocyanurate form per 1 ml of THF. n,e gel was allowed to sweU in die mixture 
for about 3 hours at room temperature under constant agitation. TTie weight of tiie 
swollen gel was measured to be 707 mg, resulting in a total uptake of 174%. TTie 
swoUen gel was vacuum dried for 3 hours. The weight of die dried gel was 
30 measured to be 348 mg, resulting in an isocyanate loading of 35%. 
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13.3 Gel Encapsulation 

Poly DEAA„ gel swollen with isocyanate was sectioned into pieces in order 
to ensure identical properties of the resulting Fraction 1 and Fraction 2. Each 
fractions was placed into a separate vial containing an excess of an oligomeric 

5 product composed of the ester formed from adipic acid and 1 , 4 cyclohexane 
dimetianol and dibutyltin dilaurate (1 wt% in polyol) for about 14 hours at room 
temperature. The liquid surrounding the gds hardened, indicating encapsulation of 
both fractions. After encapsulation, a transparent viscous polymeric film was 
visually observable around each gel. 

10 Each fraction was removed from tiie polyol/catalyst mixture and placed into a 

separate vial. Fraction 1 remained intact and Fraction 2 was fiirther sectioned into 
smaller pieces. The transparent encapsulating layer around Fraction 2 pieces was 
completely destroyed. 

15 13.4 Demonstration of Successful Encapsulation in Water 

An excess of deionized water (pH 5.3) was put into a series of vials: one vial 
contained encapsulated Poly DGAA„ (Fraction 1) and anotiier contained non- 
encapsulated poly DEAA„ gel (Fraction 2). A white polyurea layer formation was 
observed witiiin 15-20 minutes around tiie Fraction 1 particle, leaving tiie bulk of tiie 

20 encapsulated gel particle transparent. SmaU pieces of tiw non-encapsulated sectioned 
gel (Fraction 2) became completely white and no transparent areas were observed. 
The results indicate that tius encapsulation shell prevents a substantial part of tiie 
isocyanate loaded into tiie gel from reacting with water. TTiis may be attributed to 
tiie hydrophobidty of tiie polyol component of tiie polyuretiiane layer formed around 

25 the gel during encq)sulation. 

Botii Fractions were allowed to stay in water for 1 hour at room temperature 
widiout agitation. The gels were tiien carefiiUy removed from tiie water, surface 
cleaned free of liquid, and dried under vacuum for 1 hour. 
13.5 Test of Isocyanate Release from Gel 
30 The dried gels were weighed out and placed into dry THF in such a way tiiat 

either Fraction 1 (ttie encapsulated gel) or Fraction 2 (die non-encapsulated gel) 
constituted a suspension of 40 mg of gel per 1 ml of THF. This was done to 
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compare the weight of released isocyanate per weight gel. Both ftacUons were 
allowed to stay in THF for 1 hour under constant agitation. 

Fraction 1 exhibited significant swelling and the white parts pnxluced in 13.4 
above were qjparenUy dissolved in TflF. Fraction 2 demonstrated some swelling 
5 but the white polyurea layers were not removed. 

THF solutions surrounding the gels were then analyzed by means of FIIR on 
a Perkin-Ehner Model 1620 spectrometer applying AgBr ciystak. A peak at 2270 
cm • (-N=C=0 vibrations) strongly suggests the presence of umeacted isocyanate in 
the solution. As shown in Rg. 8, only the solution that was in contact with the 
encapsulated gel contained any isocyanate. No isocyanate was detected in the 
solution that had contacted the non-encapsulated gel. We conclude that a significant 
fraction of isocyanate was loaded into the gel and then once encapsulated, was 
prevented from contacting the ambient water. 



10 
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EXAMPLE 14 

14.1 Gel Synthesis and Swelling 

A mixture of 5 mL (48 mmol) dimetiiylaciylamide (DMAAm, monomer) and 
218 mL (1.16 mmol) etiiylene glycol dimethacrylate (EGDMA, crosslinker) was 
deaerated by N, bubbling for 0.5 hour. Then, 20 ^1 of freshly prepared saturated 
solution of ammonium pexsulfate (initiator) in dried dimetiiylsulfoxide and 10 /il 
N.N.N\N^-tetramethylethylenediamine (promoter) were added. The solution was 
stined and held at S^C. Polymerization was observed overnight, resulting in a 
strong transparent network. 

PolyDMAAm gel (dry weight 630 mg) was allowed to sweU in phenyl 
isocyanate for 4 days in a sealed vial at room temperature. Tlie isocyanate uptake 
(i.e., wdght of isocyanate per weight of dry polymer) was measured to be 1350%. 
14.2 Gel Encapsulation 

TTie gel produced in 14.1 was split into Fractions 1 and 2 and encapsulated as 
described in Example 13. Fraction 1 was left intact; Fraction 2 was sheared into 
30 small pieces as described in Example 13. 



25 
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14.3 Demonstration f Successful Encapsulation in Water 

FracUons 1 and 2 were placed in an excess of deionized water for 1 hour as 
described above in Example 13.4. A sUghUy yeUowish polyurea layer was formed 
ahnost instantaneously around Fraction 1, leaving the bulk of the encapsulated gel 
5 transparent. Small sections of the non-encapsulated gel (Fraction 2) became 
completely covered with the yellowish white layer and we observed no transparem 
areas. This indicates that the enciq)Sulation shell formed in 14.2 prevents a 
substantial part of the phenyl isocyanate that was loaded into the gel from reacting 
with water. 

10 The gels were then carefuUy removed from the water, surfece cleaned to 

remove excess liquid, and dried under vacuum for 1 hour. 

14.4 Test of Isoqraiiate Release firom Gd 

Dried gels produced in 14.3 were weighed out and placed into dry THF in 
such a way that either (the encapsuhited gel) Fraction 1 or (tiie non-encapsulated gd) 
15 Fraction 2 constituted a suspension of 36 mg of gel per 1 ml of THF. This was 
done to compare tiie weight of released isocyanate per weight gel. Both Fractions 
were allowed to stay in tiie THF for 1 hour under constant agitation. Fraction 1 
exhibited significant swelling; tiie white parts produced in 14.3 were apparentiy 
dissolved in THF. Fraction 2 demonstrated some swelling but tiie white polyurea 

20 layers were not removed. 

THF solutions surrounding gels were analyzed by FTIR as described in 
Example 13. Hw spectra of the THF sohitions (Fig. 9) suggest that tiie solution in 
contact witti tiie encapsulated gel contained much more phenyl isocyanate tiian tiie 
solution in contact witii die non-oicsyisulated gel. 

25 

EXAMPLE 15 

15.1 Gel Synthesis and SwelUng 

PolyDEAAm, syntiiesized as described in Example 13 (dry weight 590 mg), 
was aUowed to sweU in hexametiiylene dusocyanate (Aldrich) for 4 days in a sealed 
30 vial at room temperature. The isocyanate uptake (i.e. , weight of isocyanate per 
wraght of dry polymer) was measured to be 96095. 
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15.2 Gel Encapsulation 

The gel was split into Fractions 1 and 2 and encapsulated as described in 
Examples 13 and 14. Fraction 1 was left intact and Fraction 2 was sectioned into 
small pieces as described in Examples 13 and 14. 
5 15.3 Demonstration of Successful Encapsulation in Water 

Fractions 1 and 2 were placed in an excess of deionized water for 1 hour as 
described in Examples 13 and 14. A white polyurea layer foimation was fonned 
almost instantaneously around tiie Fraction 1, leaving the bulk of the encapsulated 
gel transparent. Small sections of (the non-encapsulated gel) Fraction 2 became 
10 completely covered witii a white layer and no transparent areas were observed in 
these gels. This suggests that the enc^sulation sheU prevraits a substantial part of 
the hexametiiylene dusocyanate previously swelled into the gel from reacting with 
water. TTie gels were tiien carefiiHy taken out from water, excess surface Kquid 
wiped up, and dried under vacuum for 1 hour. 
15 15.4 Test of Isoqranate Release from Gel 

Tlu5 dried gels were weighed out and placed into dry THF in such a way tiiat 
eitfier Fraction 1 (encapsulated gel) or Fraction 2 (non-encapsulated gel) constituted 
a suspension of 40 mg of gel per 1 ml of THF. We did tiiis to compare tiie amount 
of released isocyanate per weight gel. Both Fractions were allowed to stay in TED? 
20 for 1 hour under constant agitation. Fraction 1 exhibited significant swelling and tiie 
white parts produced in 15.3 were apparenfly dissolved in THF. Fraction 2 
demonstrated some swelling but we did not observe any removal of the white 
polyurea layers. 

THF solutions surrounding the gels were analyzed by means of FTTR as 
25 described in Example 1. ITie spectra of Uie THF solutions in contacted Fractions 1 
and 2 (Fig. 10) reveal tiiat tiie solution contacting tiie encapsulated gel contained 
much more hexametiiylene diisocyanate tiian Uie solution contacted witii tiie non- 
encapsulated gel. 

30 THERMORESFONSIVE LYOGELS 

In Examples 16-21, tiiermoresponsive lyogels were produced . We observed 
tiiat tiie lyogels undeigo transitions in neat organic solvents from a compact, opaque 
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state at lower temperatures to an expanded, transparent state at higher temperatures. 
The transition from collapsed, opaque gels to the fully expanded, transparent gels in 
the solvent is reversible. 

S EXAMPLE 16 

16.1 Gel Synthesis. 

A mixture of 6.2 g (49 mmol) N,N-diethylacrylamide (DEAAm, monomer) 
and 138 iil (0.58 mmol) di(ethylene glycol)bis(allyl caibonate) (DEGBAC, 
crosslinker) was deaerated by bubbling for 0.5 hour. Then, 20 fil of freshly 

10 prepared saturated solution of ammonium persulfate (initiator) in dried 

dunethylsulfoxide (DMSO) and 10 /*1 N,N,N*,N'-tetramethylethylenediamine 
(promoter) were added. The solution was stirred and allowed to stand at 3°C for 2 
days. Complete polymerization was not observed, although an increase in viscosity 
was observed. At room temperature, we observed a hardening of the solution and 

15 polymerization was completed at 70^C in 2 hours, resulting in a strong transparait 
polymeric networic. 

16.2 Gel Performance 

Sections (10-12 mg) of the gel were placed in excess dry DMSO where they 
were allowed to swell overnight at 70**C, resulting in greatly expanded (8-12 fold 
20 weight gain) transparent gels. The DMSO in which gel had been immersed was 
cooled down to 40^C and this resulted in formation of opaque gels of diminished 
volume. The thermal transition from collapsed (opaque) gels to fully expanded 
(transparent) gels in DMSO was shown to be reversible. 

25 EXAMPLE 17 

17.1 Gel Synthesis 

A mixture of 3.1 g (24 mmol) N,N*diethylacrylamide (DEAAm, monomer) 

and 55 fd (0.29 mmol) ethylene glycol dimethaciylate (EGDMA, crosslinker) was 

deaerated by N2 bubbling for 0.5 hour. Then, 20 ^1 of freshly prepared saturated 
30 solution of ammonium persulfate (initiator) in dried dimethysulfoxide and 10 iil 

N,N,N\N'-tetramethylethylenediamine (promoter) were added. The solution was 
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stined and placed into a refrigerator at 3«C. The solution polymerized overnight, 
resulting in a strong transparent polymeric network. 
17.2 G«l Performance 

Small pieces (10-12 mg) of the gel were placed in an excess dry DMSO 
5 where they were aUowed to swell overnight at 70°C, resulting in greatly expanded 
(8-12-fold weight gain) transparent gels. Cooling the DMSO in which gel had been 
immersed down to 35-40 *C and also down to room temperature, resulted in opaque 
gels of lesser volume. The transition from collapsed (opaque) gels to fidly ejqjanded 
(tranq)arent) gels in DMSO was reversible. 

10 

EkAMPLE 18 
18.1 Gel Synthesis and Perfonnance 

N,N-DiethylaciyUunide (0.89 g, 7 mmol) and ethylene glycol dimethacrylate 
(EDGMA, 17^1, 0.084 mmol) were mixed with 9.0 ml dimethylsulfoxide (DMSO) 

15 in a 20-nU vial which was then sealed with a sleeve serum stopper. The solution 
was deaerated by Nj-bubbling for approximately 30 minutes foUowed by addition of 
20 mg/ml 2,2'-azobis(2-methylpropionitrile) in DMSO solution (100 fd). The 
solution was then kept at 70''C over a two-day period. A tiansparent gel was 
fonned and tins gel coUapsed and became opaque at about 40«'C. When tiie gel was 

20 exposed to different temperatures from 20-70'C, the gel underwent reversible phase 
transitions in volume and transparency. 

EXAMPLE 19 
19.1 Gel Synthesis and Perfonnance 

25 N.N-Diethylaciylamide (0.89 g, 7 mmol) and di(ethylene glycol)bis(aUyl 

carbonate) (DEGBAC, 21 /tl, 0.084 mmol) were mixed with 9.0 ml 
dimethylsulfoxide (DMSO) in a 20-ml vial which was then sealed with a sleeve 
serum stopper. The solution was deaerated by Nj-bubbling for 30 minutes followed 
by addition of 20 mg/ral 2,2'-a2obis(2-methylpropionitrile) in DMSO solution (100 

30 ;*1). The solution was then kept at 70*»C over a two-day period. This resulted in 
formation of a transparent gel which turned opaque at about 40''C. Temperature- 
dqwndent (20-80''C) phase transitions in volume and tiansparency were reversible. 
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EXAMPLE20 

20.1 Gel Synthesis 

N,N-Diethylacrylamide (0.89 g, 7 mmol) and N,N'-methylenebis(acrylamide) 
(bis, 13 mg, 0.084 mmol) were mixed with 9.0 ml dimethylsulfoxide DMSO in a 
20-ml vial which was thsa sealed with a sleeve serum stopper. A series of 
mim^ipettes (0.1 mm internal diameter) had been inserted into the vial prior 
addition of the liquid mixture. The solution was deaerated by N2-bubbling followed 
by addition of 20 mg/ml 2,2'-azobis(2-methy^propionitrile) in DMSO solution (100 
^1). The solution was then kept at 70*C over a two-day period and this resulted in 
formation of a strong transparent gel which turned opaque at about 40**C. 

20.2 Gel Performanoe 

A piece of the polyDEAAm/bis gel formed in 19.1 was recovered from the 
micropipette, placed into neat DMSO in a temperature controlled bath and the 
external diameter of the gel was measured. The gel was maintained at each 
temperature until an equilibrium diameter had been reached. The ten^rature- 
dependent behavior of the gel is illustrated in Table 18 and Kg. 11. 



20 



25 



Table 18. Tempeiatore-Dq)endent Behavior of poly(DEAAm) gel in Neat DMSO 
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EXAMPLE21 

ENCAPSULATION OF A REACTIVE CHEMICAL INTO 
LYOGELS FOLLOWED BY TEMPERATURE-TRIGGERED RELEASE 
This raperiment discloses a process of encapsulating reactive chemicals into 
5 thennoresponsive lyogels in which the reactive chemical can be released from 
lyogels at an elevated temperature in entirely nonaqueous fluids (i.e., fluids which 
lack the presence of any water). The enclosed example illustrates (1) gel synthesis, 
(2) gel loading with a reactive chemical, (3) release of reactive chemical, and 
(4) behavior of the released reactive chemical. 
10 21.1 Gel Synthesis. 

N,N-Diethylaciylanude (0.89 g, 7 mmol) (DEAAm, Polysciences) and 
N,N'-methylenebis(acrylamide) (bis, 13 mg, 0.084 mmol) (Aldrich) were mixed with 
9.0 ml neat dimethylsulfoxide (DMSO) (Aldrich) in a 20-ml vial which was then 
sealed with a sleeve senim stopper. A series of micropipettes (0.1 nun internal 
15 diameter) had been inserted into the vial prior to liquid addition. The solution was 
deaerated by Nj-bubbling followed by addition of 20 mg/ml 2,2'-azobis(2- 
methylpippionitrile) (Kodak) in DMSO solution (100 nl). The solution was tiien 
kept at TO'C over 48 hours, resulting in a tiansparent gel which turned opaque at 
approx. 40''C. 
20 21.2 Gel Loading with Reactive Chemical 

A polyDEAAm gel, prepared as described above and equilibrated with neat 
DMSO at 20*0 for several days in its opaque state, was weighed (W2o=430 mg) and 
placed into a 20-ml vial containing excess of 0.5 mg/ml sohition of Phenol Red 
(A.C.S. reagent, Aldrich) in neat DMSO. Phenol Red is widely used as a reactive 
25 dye capable of responding to small changes in its electronic environment and was 
therefore chosen as a rq)res«itative example of a reactive chemical. The vial was 
Isept at TO^C for 0.5 h during which time the volume phase transition was observed 
in the gel. It became transparent and swelled greatly (W7o=S40 mg). 
Simultaneously, coloration of the gel due to absoiption of phenol red was observed. 
30 The bright yellow gel was allowed to cool down to 20°C for 3 hours. Then, the 
yellow gel in its collapsed, opaque state was placed in a fresh portion of 0.5 mg/ml 
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solution of phenol red in DMSO and kept there for 0.5 h at 70^C. The process of 
gel loading was repeated 3 times, until the gel was bright yellow in its opaque state. 

21.3 Gel Encapsulation 

The polyDEAAm gel loaded with phenol red (W2o=435 mg) as described 
5 above and equilibrated with 0.5 mg/ml solution of phenol red in DMSO at 20^C 
overnight was placed into trimeric hexamethylene diisocyanate fisocvanate) (Rhone- 
Poulenc HDTLV) for 10-15 sec and then quickly taken out and placed into 
poly(pn)pylene glycol)bis(2-aminopropyl ether) {formula 

CH3ai(NH2)CH2[OCH2CH(CH3)]jra2} (dwaQins)(Aldrich) for 10-15 sec where a 
10 whitish layer of polyurea fonned immediately around the gels. This method of 
placing the gel sequentially into isocyanate and then into diamine was repeated to 
thicken the polyurea layer. The weight of the encapsulated gel at 20^C was 
measured to be 1.03 g. The encapsulated particle was placed into 5 ml of neat 
DMSO and kept there for 0.5 h. No coloration of DMSO surrounding encapsulated 
15 gel was observed (see Fig. 12(a)). Then the vial with the encapsulated gel in 

DMSO was kept at 80^C in a temperature-controlled bath for 1 h, which resulted in 
swelling of encapsulated gel. (W8o=l.ll g) Visible breakage of the polyurea 
encapsulating shell was seen, followed by the appearance of the bright yellow color 
in DMSO, evidencing the temperature-triggered release of the reactive chemical. 
20 Corresponding electronic spectrum in Fig. 12(b) reveals a very distinctive peak \^ 
407, A407 0.753) corresponding to bright yellow/orange color, 

21.4 Behavior of the Released Reactive Chraiical 

The following experiments were undertaken in order to illustrate the 
reactivity of the phenol red released from the encsqpsulated gel upon elevated 

25 temperature. The DMSO solution into which phenol red was released was collected 
and separated into 2 sq>arate portions. Into the first portion, poly(prppylene 
glycol)bis(2-ammopropyl ether) was added resulting in 0.1 mg/ml solution. A color 
change in the solution from yellow to blue was immediately observed (see Fig. 12(c) 
with the peaks at 579 and 407 nm). Into the second portion, 2-aciylamido-2-methyl- 

30 1-propanesulfonic acid (Aldrich) was added, resulting in 0.5 mg/ml solution. 

Change of color from yellow to red was almost inmiediately observed followed by 
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the appearance of the peaks at 512 and 398 nm in the corresponding absorbance 
spectram {see Kg. 12(d)). 

EXAMPLE22 

5 Viscous poIy(hexamethylene diisocyanate) (RHONE POULENCK) having a 

viscosity of about 3,000-7,000 cP (gelling agent) was added dropwise into a stirred 
0.02 g/ml solution of hexamethylenediamine in hexane at rxwm temperature. 
Formation of whitish polyurea layer around each droplet of isocyanate was 
immediately observed. Encapsulated droplets (beads) were recovered from the 
10 hexane solution by filtration. 

The encapsulated beads were further encapsulated by immersing the beads 
into 0.1 g/ml solution poly(vinylchIoiide) (available from Aldrich Corporation, M, 
158,000) in tetrahydrofiiran (THF) for about 10-15 seconds. TTie beads were then 
recovered from the PVC/THF solution and dried on air overnight. Formation of a 
15 transparent PVC layer around each bead was observed. The double-walled 
encapsulated beads were immersed into an excess of a mfarture of an oligomeric 
product composed of the ester formed from adipic acid and 1, 4 cyclohexane 
dimethanol and dibutyltin dilaurate (1 w% in polyol) (available from Aldrich 
Corporation) for 24 hours at room temperature. No hardening of the polyol/catalyst 
20 mixture was observed. A fraction of the beads was tested for isocyanate release by 
placing the beads into THF. Virtually all isocyanate which had been encapsulated 
was recovered active, as seen from the FUR qxsctium shown Kg. 13 (band of 
N=C=0 at 2275 cm '). The polyurea- and poIyurea/PVC encapsulated beads were 
readily shearable and provided a homogeneous mixture with the admixed 
25 polyol/catalyst resulting in an evoi coating. 

EXAMPLE23 

An isocyanate containing trimeric hexamethylene dusocyanate in isocyanurate 
form (RHONE POUUENCK) having a viscosity of about 900-1500 cP was mixed 
30 with poly(hexamethylene dusocyanate) (DESMODUR* N-lOO, available from 
Aldrich Corporation) having a viscosity of about 8320 cP at 1:2 weight ratio to 
provide a viscous gel composition. ITie mixture was added dropwise into a stirred 
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0.1 g/ml solution of poly(pn)pylene glycol) bis(2-aminopn)pyl ether) (JEFFAMINE* 
D-230)(available from Aldrich Corporation) in hexane at room temperature. 
Formation of whitish polyuiea layer around each droplet of isocyanate was observed. 
The encapsulated droplets or beads were recovered, from the hexane solution by 
5 separation of the precipitated beads and the supernatant. 

The encapsulated beads were fuither enc^sulated by immersing the beads 
into 0.1 g/ml solution of poly(vinylchloride) (available from Aldrich Corporation, M, 
205,000) in tetrahydroforan (THF for about 10-15 seconds). The beads were then 
recovered from the PVC/THF solution and dried on air overnight. Formation of a 

10 transparent PVC layer around each bead was observed. The double-walled 
encapsulated beads were immersed into an excess of a niixture of an oligomeric 
product composed of the ester formed from adipic acid and 1, 4 cyclohexane 
dimethanol and dibutyltin dilaurate (1 w% in polyol) (available from Aldrich 
Corporation) for 24 hours at room temperature. No hardening of the polyol/catalyst 

15 mixture was observed. A fraction of the beads was tested for isocyanate release by 
placing the beads into THF. Virtually all isocyanate which had been initially 
encapsulated was recovered active, as shown in the FITR spectrum in Fig. 14, (band 
of N=C=0 at 2275 cm*^). The polyurea/PVC encapsulated beads were readily 
shearable and provided a homogeneous mixture with the admixed polyol/catalyst 

20 resulting in an even coating. 

EXAMPLE 24 

Ig of N,N-dimethylaciylamide monomer (available from Aldrich 
Corporation) and 4 g isocyanate containing tiimeric hexamethylrae diisocyanate in 

25 isocyanurate form (RHONE POULENCK) having a viscosity of 900 - 1,500 cP were 
mixed to provide a homogeneous blend. 5 id of ethylene glycol dimethacrylate 
(EGDMA, crosslinker) was added. The mixture was deaerated and following the 
addition of 50 fd freshly prq)ated saturated ammonium persulfate solution in dry 
DMSO (initiator), was injected through a needle into stirred deaerated 0. 1 g/ml 

30 solution of PVC (M, 205,000) in THF. Round-shaped beads of polyDMAAm were 
inunediately formed. The mixture was centrifuged, the solution and precipitate were 
separated, and the beads were placed into a Petri dish and washed with hexane. 



10 
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Round-shaped beads, encapsulated by tnuisparent PVC layer of <100 ^Lm diameter 
were observed under microscope. A portion of PVC-coated beads were placed into 
THF where some intact isocyanate was observed after bead swelling (See Fig, IS), 

^ EXAMPLE25 

To prepare beads in situ, 1 g N,N-dimethylacrylamide monomer (Aldrich 
Corporation) and 4 g isocyanate containing trimeric liexamethylene diisocyanate in 
isocyanurate form (RHONE-POULENCK) and having a viscosity of 900-1,500 cP 
were mixed to provide a homogeneous blend. 5 fil of ethylene glycol dimethacrylate 
(EGDMA, crosslinker) was added. The mixture was deaerated and foUowing the 
addition of 50 /xl freshly prepared saturated ammonium persulfate solution in dry 
DMSO (initiator), was injected through a needle into stirred deaerated 0.01 ml/ml 
solution of N,N,N',N'- tetrainetiiylethylenediamine (available from Aldrich 
Corporation) in mineral oU (Fisher). Round-shaped beads of polyDMAAm were 
15 immediately formed. Microscopic observations established mean diameter of the 
beads to be <50 ^m. The mixture was centriiuged, the solution and precipitate 
were separated, and the beads were placed into 0.1 g/ml PVC solution in THF. TTie 
beads were then separated from tiie solution by centrifijgation and immersed into 
stirred hexane. In die hexane, tiie PVC precipitated on tiie surface of flie beads, and 
20 tfie beads did not adhere to one anoflier. The encapsulated beads were placed into a 
Petri dish, aUowing tiie hexane to quickly evaporate and provide a population of 
non-agglomerated dry beads. A portion of Uie PVC-coated beads were placed into 
IHF where some intact isocyanate was observed after bead swelling. 

25 

EXAMFLE26 

Mixture of 5.0 ml N,N-dimeU»ylaciylamide (DMAAm, monomer) (Aldrich) 
and 50 fd of 0.19 ml/ml etiiylene glycol dimetiiaciylate (EGDMA, cross-linker) 
(Aldrich) solution in dimethylsulfoxide was deaerated by N, bubbling for 0.5 h. 
30 Then 20 /il of freshly prq»red saturated solution of ammonium persulfate (Kodak) 
(initiator) in dry dimetfiylsulfoxide and 10 ^1 N,N,N',N'-tetrametiiyletiiyIenediamine 
(Polysciences, Inc.) (promoter) were added, tiie solution was stirred and allowed to 
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stay at 20T overnight resulting in a strong transparent polymeric netwoiic. 
Polymerization was completed at lO^C for 2 hours. The resulted polyDMAAm 
networks were allowed to swell for 3 days in trimeric hexamethylene diisocyanate 
and THF (1:1 wt ratio) mixture. The swollen gels were taken from the liquid 

5 mixtures and vacuum-dried overnight to remove any THF left in the gels. The 
resulting polyDMAAm gels loaded with isocyanate in a form of flat thin cylinders 
were kept in sealed vials. Loaded gels were immersed for 5 min into 5 mg/ml 
solution of 4,4'-diazido-2,2'-stilbenedisulfonic acid disodium salt 
(photopolymerizable monomer) available from Aldrich Co. in dry dimethylsulfoxide. 

10 Then the gels were removed from the solution, wiped up and UV-irradiated for 10 
min. A thin yellow layer was observed on the surface of the gels which could not 
be removed by washing with dimethylsulfoxide. Formation of yellow layer indicates 
polymerization of diazidostilbenedisulfonic acid thereby forming encapsulating layer! 
A portion of the gel was kspl in polyol (oligomeric product composed of the ester 

IS formed from adipic acid and 1,4-cyclohexane dimethanol) and dibutyltin dilaurate 
mixture for a day. The gel was subsequently removed from the polyol/catalyst 
mixture and following swelling in THF for 4 hours was analyzed for isocyanate 
release. Isocyanate was present in the THF fraction used to swell the gel, as 
evidenced by the appearance of the band of N=C=0 at 2270 cm * in the FTIR 

20 spectrum shown in FIG. 16. 

EQUIVALENTS 

It should be appreciated by those skilled in the art that the specific 
embodiments disclosed above may readily be utilized as a basis for modifying or 

25 designing other methods and compositions for carrying out the same purpose of the 
present invention. For example, it is within the scope of the invention for the first 
non-aqueous reactive material (i.e. the encapsulated non-aqueous reactive material) 
to be a polyol, a polyamine or the like. In this type of arrangement, the second non- 
aqueous reactive material (Le. non-encapsulated non-aqueous reactive material) may 

30 be an isocyanate, a multi-functional amine, an organometallic, an acyl halide, an 
acrylate, an acid, an acid anhydride, or mixtures thereof. It should also be realized 
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by those skilled in the art that such equivalent constructions do not depart from the 
spirit and scope of the invention as set forth in the appended claims. 
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WHAT IS CLAIMED IS: 

1. A three dimensional polymer gel network comprising a first 
nonaqueous reactive material, the nonaqueous material capable of entering into a 
spontaneous chemical reaction or capable of catalyzing a spontaneous chemical 

5 reaction. 

2. The polymer gel netwoik of claim 1, wherein the gel network is a 
responsive gel network. 

3. The gel network as defined in claim 1, wherein the gel network is 
selected from the group consisting of a gel network of poly (N,N-disubstituted 

10 acrylamide), a gel network of polyacrylate ester, a gel network of polyalkyl 

substituted vinyl etheirs, a gel netwoik of polyglycol ethers, and mixtures thereof. 

4. The gel network as defined in claim 1, wherein the first nonaqueous 
reactive material is selected from the group consisting of an isocyanate, a 
multifunctional amme, an organometallic, an acyl halide, an acid, an acid anhydride 

15 and an aciylate. 

5. A process of swelling a gel precursor with a nonaqueous reactive 
material, the process comprising: 

exposuig a gel precursor network to a nonaqueous reactive material that is 
either capable of entering into a spontaneous chemical reaction or capable of 
20 catalyzing a spontaneous chemical reaction, the step of exposing perfonned under 
conditions sufficient for the nonaqueous reactive material to be incorporated into the 
gei precursor. 

6. A process of swelling a gel precursor with a first nonaqueous reactive 
material, the gel precursor being chemically inert to the first nonaqueous reactive 

25 material, the process comprising: 

(a) reacting a monomer with a crosslinking agent; deaerating the 

monomer and crosslinking agent; introducing an initiator into the combmation of the 

monomer and the crosslinking agent to form a solution; and allowing the solution to 

react until the gel precursor is formed thereby, and 
30 (b) exposing the gel precursor to a nonaqueous reactive material 

that is capable of entering into a spontaneous chemical reaction or capable of 
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catalyzing a spontaneous chemical reaction, under conditions sufficient for the 
nonaqueous leacUve material to be incoiporated into the gel precunor. 

7. A process for encapsulating a three dimensional, polymer gel network, 
comprising: 

5 providing a three dimensional, polymer gel network having incoiporated 

therein a first nonaqueous reactive material, the fct nonaqueous reactive material 
capable of entering into a spontaneous chemical reaction or capable of catalyzing a 
spontaneous chemical reaction; and 

exposing the polymer gel networic to one or more second reactive materials 
10 under conditions sufficient for the first nonaqueous reactive material and the one or 
more second reactive materials to react to form a polymer layer on an outer surf-ace 
of the polymer gel networic. 

8. The process as defined in claim 7, wherein the step of providing 
comprises providing a gel networic selected from the group consisting of a gel 

15 network of poly (N.N-disubstituted aciylamide), a gel networic of polyaciylate ester, 
a gel network of polyalkyl substituted vinyl etiiers, a gel networic of polyglycol 
ethers, and mbctures thereof. 

9. The process as defined in chiim 7, wherein tiie first nonaqueous 
reactive material is selected from the group consisting of an isocyanate, a 

20 multifunctional amine, an oi^ganometallic. an acrylate, a polyol. an acid, an acid 
anhydride, an acyl halide, and mixtures thereof. 

10. The process as defined in claim 7, wherein tiie one or more second 
nonaqueous reactive material is selected from tiie group consisting of a polyol, an 
isocyanate, a multifimctional amine, an oiganometallic, an acrylate, an acid, an acid 

25 anhydride, an acyl halide, and mixtures tiiereof. 

11. A process for encapsulating a tiiree dimensional, polymer gel network, 
comprising: 

providing a tiiree dimensional, polymer gd networic having incorporated 
tfierein a catalyst for a spontaneous chemical reaction; and 
30 exposing tiie polymer gel networic to a reactive material under conditions 

sufficient for tiie reactive material to react to form a polymer layer on an outer 
surface of tiie tiuee dimensional, polymer gel network. 
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12. An encapsulated polymeric gel network, comprising: 

a three dimensional, polymeric gel networic having incoiporated therein a first 
nonaqueous reactive material; and 

a polymeric encapsulation layer on an outer surface of the polymeric gel 
5 network, 

wherein the polymeric encapsulation layer is obtained from a reaction 
involving at least the first nonaqueous reactive material. 

13. The encapsulated gel as defined in claim 12, wherein the gel is 
selected from the group consisting of: a gel of poly (N,N-disubstituted acrylamide), 

10 a gel of polyaciylate ester, a gel of polyalkyl substituted vinyl ethers, a gel of 
polyglycol ethers, and mixtures thereof. 

14. An encapsulated polymeric gel network, comprising: 
a first nonaqueous reactive material; and 

a polymeric gel precursor which is swollen by the nonaqueous reactive 
IS material and which does not react with the nonaqueous reactive material, the 
nonaqueous reactive material and swollen precursor forming a three dimensional 
polymeric gel network; and 

an encapsulation layer on an outer surface of the polymeric gel network 
which retards efflux or reaction of the first nonaqueous reactive material external to 
20 the gel and retards influx of a material through the encapsulation layer; wherein the 
three dimensional polymeric network is capable of swelling and disgorging the first 
nonaqueous reactive material under predetermined conditions. 

15. The encapsulated gel network as defined in claim 14, wherein the 
nonaqueous reactive material is capable of entering into a spontaneous chemical 

2S reaction or capable of catalyzing a spontaneous chemical reaction. 

16. The encapsulated gel networic as defined in claim 14, wherein the 
nonaqueous reactive material is selected from the group consisting of a polyol, an 
isocyanate, a multifunctional amine, an oiganometallic, an aciylate, an acid, an acid 
anhydride, an acyl halide, and mixtures thereof. 

30 17. The encapsulated gel networic as defined in claim 14, wherein the gel 

precursor is selected fiiom the group consisting of a gel precursor of poly (N,N- 
disubstituted acrylamide), a gel precursor of polyacrylate ester, a gel precursor of 
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polyalkyl substituted vinyl ethere. a gel precursor of polyglycol ethers, and mixtures 
thereof. 

18. An encapsulated polymeric gel network, comprising: 
a polymeric gel precursor, the gel precursor being selected from the group 
5 consisting of a poly (N,N-disubstituted acrylamide); a polyaciylate ester, a polyalkyl 
substituted vinyl ether, a polyglycol ether, and mixtures thereof; 

a first nonaqueous reactive material incorporated witiiin tije gel precursor, 
forming a polymeric gel network, the first nonaqueous reactive material being 
selected from the group consisting of an isocyanate, a multifunctional amine, an 
10 organometallic, an acyl halide, a polyol, an acrylate, an acid, an acid anhydride, and 
mixtures thereof; 

an encapsulation layer on an outer surfece of tiie polymeric gel network, the 
encapsulation layer being a polyuretiiane, a polyurea and mixtures thereof; and 

a liquid having tiie encapsulated gel networic immersed tiierein.tfie immersion 
15 liquid being selected from the group consisting of an isocyanate, a polyol, a 

polyamine and mixtures tiiereof, wherein the encapsulation layer forms a diffusion 
barrier for the gel network. 

19. A composition of matter, comprising: a three-dimensional polymeric 
gel network having incorporated tiierein a first reactive material tiiat is capable of 
20 entering into a spontaneous chemical reaction or capable of catalyzing a spontaneous 
chemical reaction; 

a polymeric encapsulation layer on an outer surface of the gel; and 
a Uquid having the encapsulated gel immersed tiierein, wherein die 
encapsulation layer provides a barrier to efflux of tfie first reactive material from tiie 
25 gel network and a barrier to influx of tiie liquid into Uie gel network. 
20. A paint system, comprising: 

a tiuee-dimensional polymeric gel networic having incorporated tiierein, a first 
nonaqueous reactive material tiiat is capable of entering into a spontaneous chemical 
reaction or capable of catalyzing a spontaneous chemical reaction; a polymeric 
30 encapsulation layer on an outer surface of tiie gel networic; and 

a liquid having tiie encapsulated gel network immersed tiierein, wherein tiie 
encapsulation layer provides a barrier to efflux of the first nonaqueous reactive 
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material from the gel network and a barrier to influx of the liquid into the gel 
network; 

wherein the first nonaqueous reactive material is capable of reaction with the 
liquid to form a reaction product which is a paint. 
5 21. A coating material system, comprising: 

a three-dimensional polymeric network having incorporated therein, a first 
nonaqueous reactive material, that is capable of entering into a spontaneous chemical 
reaction or capable of catalyzing a spontaneous chemical reaction; 

a polymeric encapsulation layer on an outer surface of the polymeric gel 
10 network; and 

a Uquid having the encapsulated gel network immersed therein, wherein the 
encapsulation layer provides a barrier to efflux of the fust nonaqueous reactive 
material from the gel networic and a barrier to influx of the Uquid into the gel 
network; 

15 wherein the first nonaqueous reactive material is capable of reacUon with the 

liquid to form a reaction product which is a coating material. 

22. An adhesive material system, comprising: 

a three-dimensional polymeric network having incorporated therein, a first 
nonaqueous reactive material that is capable of entering into a spontaneous chemical 
20 reaction or capable of catalyzing a spontaneous chemical reaction; 

a polymeric encapsulation layer on an outer surface of the gel netwoik; and 
a Uquid having the encapsulat^ gel netwoik immened therein, wherein the 
encapsulation layer provides a barrier to efflux of the first nonaqueous reactive 
material from the gel network and a barrier to influx of the Uquid into the gel 
25 netwoik; 

wherein the first nonaqueous reactive material is capable of reaction with tiie 
Uquid to fonn a reaction product which is an adhesive material. 

23. A process of using an encapsulated tiiree-dimensional polymeric gel 
network, comprising: 

30 providing a tiiree-dimensional polymeric gel network having a first 

nonaqueous reactive material incoiporated tiiercin, the first nonaqueous reactive 
material capable of entering into a qwntaneous chemical reaction or capable of 
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catalyzing a spontaneous chemical reaction, the gel network fiirther comprising a 
polymeric encapsulation layer on an outer suiface of the gel network; and 

exposing the gel networic to at least one condition sufficient to compromise 
the encapsulation layer on tiie outer surface of the gel network, thereby allowing the 
5 first nonaqueous reactive material contained tiierein to be released. 

24 The process as defined in claim 23, wherein the step of exposing 
includes exposing the gel networic to a second nonaqueous reactive material. 
25. A process of making a polymer product, comprising: 
providing a polymeric gel network having a first nonaqueous reactive material 
10 incoiporated therein, the first nonaqueous reactive material capable of entering into a 
spontaneous chemical reaction or capable of catalyzing a spontaneous chemical 
reaction; 

exposing the gel network to conditions sufficient to disgoige the first 
nonaqueous reactive material contained therein; and 
15 aUowing tiie disgoiged first nonaqueous reactive material to contact one or 

more second nonaqueous reactive materials under conditions sufficient for tiie first 
and said one or more second nonaqueous reactive materials to form a polymeric 
product from a reaction therebetween. 

26. The polymeric product formed by the process of claim 25. 

27. An adhesive, a coating material, or a laminating material comprising 
a detectable amount of a polymeric gel networic. 

28. A metiiod of coating a molded article, comprising: 
providing a three-dimensional polymeric gel networic having a firat 

nonaqueous reactive material incoiporated tiierein, tiie first nonaqueous reactive 
material capable of capable of entering into a ^ntaneous chemical reaction or 
capable of catalyzing a spontaneous chemical reaction; 

exposing the polymeric gel networic to conditions sufficient to disgorge tiie 
first nonaqueous reactive material contained therein; 

allowing tiie disgoiged first nonaqueous reactive material to contact one or 
more materials under conditions sufficient for flie first nonaqueous reactive material 
and said one or more second materials to form a polymeric product from a reaction 
thoebetween; and 
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coating the molded article with the polymeric product. 

29. An encapsulated polymeric gel network, comprising: 

a polymer gel network having a first nonaqueous reactive material 
5 incoiporated therein; and an encapsulation layer on an outer surface of the gel 
network, 

wherein the encapsulation layer is hydrophobic such that the 
encapsulation layer acts as a barrier to water entering the gel network. 

30. An encapsulated polymeric gel network, comprising: 

10 a three dimensional, polymeric gel netwoA having incorporated therein a first 

nonaqueous reactive material; and 

a polymeric encapsulation layer on an outer surface of the polymeric gel 
networic, 

wherein the polymeric encapsulation layer is obtained from a reaction 
15 involving a nonaqueous reactive material external to the gel. 

31. A process of making a polymeric product selected from the group 
consisting of a foam, an adhesive, a coating, a paint, and a molded article 
comprising: 

providing a three-dimensional polymeric gel network having a first 
20 nonaqueous reactive material incorporated therein, the first nonaqueous reactive 
material capable of entering into a spontaneous chemical reaction or capable of 
catalyzing a qwntaneous chemical reaction, the gel network further comprising a 
polymeric encapsulation layer on an outer surface of the gel network; 

exposing the gel network to at least one condition sufificient to compromise 
25 the encapsulation layer on the outer surface of the gel network, thereby allowing the 
first nonaqueous reactive material contained therein to be disgorged; and 

allowing the disgorged first nonaqueous reactive material to react to form the 
polymeric product. 

32. The process as defined in claim 31, wherein the step of exposing 
30 comprises exerting physical pressure on the gel network to compromise the 

encapsulation layer. 
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33. nie process as defined in claim 31. wherein the step of exposing 
comprises exposing the gel network to a temperature which compK>mises the 
encapsulation layer on the outer surface of the gel. 

34. The process as defined in claim 3 1 , wherein the step of exposing 
5 comprises exposing the gel network to a solvem which compromises the 

encapsulation layer on the outer surface of the gel. 

35. The process as defined in claim 31 , wherein the step of exposing 
comprises exposing the gel network to an enviiomnental change which will cause a 
phase transition in the gel network, such condition comprising: a temperature 

10 change, a solvem change . an acidity change, a pressure change, or a change in an 
ionic strength. 

36. An encapsulated material, comprising: 
a first nonaqueous reactive material; and 

an encapsulation layer surrounding the first nonaqueous reactive material the 

15 encapsulation layer being a reaction product of at least a portion of the first 
nonaqueous reactive material and a second nonaqueous reactive material. 

37. A method for encapsulating a material, comprising: 
providing a first nonaqueous reactive material; and 

exposing tiie first nonaqueous reactive material to a second nonaqueous 
20 reactive material under conditions such tiiat portions of tiie fii« and second 
nonaqueous reactive materials react wiUi each oflier, thereby fonning an 
encapsulation layer surrounding ti,e umtacted portion of ti«5 first nonaqueous 
reactive material. 

38. A metiiod for substantially simultaneous gel formation, gel swelling 
25 and gel encapsulation, tiie metiiod comprising: 

forming a blend of a monomer and a first nonaqueous reactive material; and 
exposing tiie blend to a second material under conditions sufficiem for tiie 
monomer to undergo polymerization and crosslinking. thereby forming a gel which 
substantially simultaneous with ti,e formation tiiereof swells wiUi a portion of ti,e 
30 first nonaqueous reactive material and which substantiaUy simultaneous tiierewiti, is 
encapsulated by tiie serond material. 
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39. A method for synthesizing a swollen gel in situ, the method 
comprising: 

providing a blend of a monomer and a first nonaqueous reactive material; 

exposing the blend to conditions sufficient for the monomer to undergo 
5 polymerization and crosslinking, thereby forming a gel which substantially 

simultaneous with the formation thereof sweUs with a portion of the first nonaqueous 
reactive material and forms an encapsulation layer by the reaction product of the first 
nonaqueous reactive material; 

exposing the swollen gel to a second material which surrounds the swollen 
10 gel; and 

exposing the swollen gel having the second material surrounding the swollen 
gel to conditions sufficient for a portion of the second material to form a polymeric 
encapsulation layer around the swollen gel. 
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